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In recent years, lumpfish and different species of wrasse are used as cleaner fish for 
removal of sea lice from farmed Atlantic salmon in Europe and Canada. The production of 
lumpfish is successful, but there are challenges with high mortality due to bacterial 
infections. In-depth knowledge of the immune system in lumpfish, particularly immune 
responses upon bacterial infections and identification of immune genes, will make an 
important basis for development of immune-prophylactic measures to this species. Prior 
to this study, there were no available sequences of lumpfish immune genes in public 
databases. 
To obtain sequence information from lumpfish, RNA sequencing of head kidney 
leukocytes (HKLs) exposed to Vibrio anguillarum O1, followed by de novo transcriptome 
assembly, was performed. The transcriptome encompassed 221659 trinity genes, 9033 
differentially expressed genes (DEG) at 6 hours post exposure (hpe) and 15225 DEG at 24 
hpe. The DEG analysis of the lumpfish transcriptome clearly showed that the alternative 
pathway of the complement cascade is one of the chief mechanisms in the V. anguillarum 
response in lumpfish HKLs. Furthermore, the DEG analysis also clearly showed that the 
TLR signaling through the canonical NF-  pathway was the major pathway in the 
adaptation of the innate immune response. Further, a wider MAPK pathway regulation 
was observed, involving all the sub pathways, however, at much less potent regulation 
levels compared with NF- . Globally, the DEG analysis displayed a picture of a pro-
inflammatory reaction, initiated by the soluble Toll-like receptor 5 (TLR5S) and the 
alternative complement pathway, and resulting in high up-regulation of the cytokines 
interleukin (IL)- -6, CXCL8 (also known as IL-8) and tumor necrosis factor (TNF)-  
Further characterization of the lumpfish IL-1 family, both ligands, receptors (IL-1R) and IL-
1 signaling pathways were performed. Full-length sequences of the ligands IL- -18, 
and the fish-specific IL-1 family members nIL-1F and IL-1Fm2, the receptors IL-1R1, IL-1R2,  
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IL-1R4 (ST2/IL-33 receptor/IL-1RL), IL-1R5 (IL-18R1) and partial sequences of DIGIRR and 
IL-1R3 (IL-RAcP) were identified. In vitro stimulation of lumpfish leukocytes with a 
selection of PAMPs, showed that lumpfish IL- -1F were upregulated most 
potently by flagellin. The phylogenetic analysis of the IL-1 family ligands showed that IL-
-1F1 and IL-1Fm2 are more like each other than to IL-18. Furthermore, sequences 
from lobe-finned fish and shark were clustered within the nIL-1F clade, suggesting that 
nIL-1F, together with IL-
occurrence of nIL-1F in non-teleost species. 
Characterization of lumpfish TNF- hallmark properties of 
TNF-family at nucleotide and peptide levels. The phylogenetic analysis of teleost TNF-
clarified the evolutionary history of this gene within Teleostei. Basally in Teleostei the 
gene is duplicated. One gene retains the structure, while the other gene loses the amino 
acids at the C-terminus end of the transmembrane domain. This loss has been suggested 
to cause an impaired secretion of the molecule. Interestingly, all sequences within 
Ostariophysi were of this second type with questioned secretabillity. Further, duplication 
of the TNF- have occurred in Salmonidae and Cyprininae. Although 
characterization of lumpfish IL-6 revealed a classic gene arrangement, two isoforms were 
predicted - one classic isoform (IL-6i1) and one isoform containing an alternatively 
retained intron (IL-6i2). The predicted peptide sequence of the IL-6i2  contained a signal 
peptide first revealed after proteolytic cleavage. Caspase 1 was predicted to cleave in this 
region. It is therefore hypothesized that lumpfish IL-6 kinetics may be dependent on 
caspase 1 processing. In the normal tissues and unstimulated leukocytes, the levels of 
TNF- -6 transcripts, except for eye and brain where the 
transcript levels of IL-6 were unexpectedly high. Both genes displayed a similar induction 
pattern to PAMP stimulation in vitro and both were most potently stimulated by flagellin. 




In conclusion, the lumpfish innate immune responses are potent and consist of most of 
the molecules for a modern teleost. The alternative complement pathway and TLR 
signaling pathway are fundamental to the in vitro response to V. anguillarum O1 in 
lumpfish leukocytes. The identification and characterization of the major pro-
inflammatory cytokines and design of qPCR assays in lumpfish provides a valuable tool to 
measure innate immune responses in lumpfish e.g. upon immune modulation, such as 
vaccination, microbial diseases or physiological trials.   
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AB  Antibody 
AD Acidic activation domain 
BCR B cell receptor 
BIR Baculovirus inhibitor of apoptosis protein repeat 
BLAST Basic local alignment search tool 
CARD Caspase-activated and recruitment domain 
CFH Complement factor H 
CLC Charcot-Leyden crystal 
CNTF Ciliary neurotrophic factor 
CpG Cytosine phosphodiester guanine 
CT Cardiotropin 
DAMP Danger associated molecular patterns  
DC Dendritic cell 
DEG Differentially expressed genes 
e.g. For example 
EBD Effector binding domain 
G- Gram negative 
G+ Gram positive 
GITRL Glucocorticoid-induced TNA receptor-related protein ligand 
GO  Gene ontology 
HKL Head kidney leukocytes 
HPE Hours post exposure 
HUGO Human genome organization 
iE-DA -D-glutamyl-meso-diaminopimelic acid 
IL Interleukin 
IFN Interferon 
IPAF Ice Protease Activating Factor 
IUCN International Union for Conservation of Nature 
JNK c-Jun N-terminal kinase 
KO Knockout 
LCA Least common ancestor 
LIF Leukemia inhibitory factor 
LPS Lipopolysaccharide 
LRR Leucine rich repeat 
LTA Lipoteichoic acid 
MAC Membrane attack complex 
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MALT Mucosa-associated lymphoid tissue  
MAPK Mitogen-activated protein kinase 
MASP MBL associated serine proteases 
MBL Mannose binding lectin 
MDP Muramyl dipeptides
MYA Million years ago 
NACHT Central nucleotide oligomerization 
NALT Nasal associated lymphoid tissue  
NCC Nonspecific cytotoxic cells  
NF- Nuclear factor- B 
NK Natural killer
NLR NOD like receptor 
NOD Nucleotide oligomerization domain 
OSM Oncostatin M
PAMP Pathogen associated molecular pattern
PGLYRP PGN recognition protein  
PGN Peptidoglycan
PHA Phytohemagglutinin
Poly (I:C) Polyinosinic:polycytidylic acid 
PRM Pathogen recognition molecule
PRR Pathogen recognition receptor 
PYD Pyrin domain
RANKL Receptor activator of nuclear factor kappa-  
SARM S - and armadillo-motif-containing protein 
TAMP Tumor associated molecular pattern 
TCR T cell receptor 
TGF Transforming growth factor 
TICAM TIR-domain containing adaptor molecule 
TIRAP TIR adaptor protein
TLR Toll-like receptor
TS Teleost specific








Eggestøl, H.Ø., Lunde, H.S., Rønneseth, A., Fredman, D., Petersen, K., Mishra, C.K., 
Furmanek, T., Colquhoun, D.J., Wergeland, H.I., Haugland, G.T., 2018. Transcriptome-
wide mapping of signaling pathways and early immune responses in lumpfish leukocytes 




 Eggestøl, H.Ø., Lunde, H.S., Haugland, G.T., 2020. The pro-inflammatory cytokines 
TNF-  and IL-6 in lumpfish (Cyclopterus lumpus L.) -identification, molecular 




Eggestøl, H.Ø., Lunde, H.S., Knutsen, T.M., Haugland, G.T., 2020. Interleukin-1 
ligands and receptors in lumpfish (Cyclopterus lumpus L.): molecular characterization, 
phylogeny, gene expression and transcriptome analyses, Front. Immunol. Revised 






Lumpfish utilization and major infectious diseases 
Reported lumpfish (Cyclopterus lumpus) farming started in 2012. This makes it a novel 
species in aquaculture, although it has been caught in wild fisheries for a long time and 
valued for its roe – a sought after commodity in the making of caviar. However, roe is not 
the reason why lumpfish fish farmers started rearing lumpfish. Fish farmers started to rear 
lumpfish due to its ability to control salmon louse (Lepeophtheirus salmonis) levels in the 
salmon net pens. Along with lumpfish, several species of wrasse (Labridae) have shown 
adequate capability of controlling the salmon louse levels (Powell et al., 2018). The supply 
of wrasse has mostly been from the wild fisheries, while the aquaculture has supplied 
most of the lumpfish. The supply of wrasse has only increased modestly, while lumpfish 
production has grown exponentially. The average price for lumpfish has continued to 
increase and in 2018 it reached approximately 21 NOK/fish of deployment size.  
The production of lumpfish relies on the capture of wild brood stock, and raising the 
offspring in captivity (Powell et al., 2018). This practice may pose a strain on natural 
populations, and the species is classified as near threatened by the International Union 
for Conservation of Nature (IUCN). There are growing concerns that over-exploitation of 
wild stocks and translocation of hatchery-reared lumpfish may compromise the genetic 
diversity of native populations. These concerns were strengthened by a recent study 
showing that some lumpfish populations are very small and have low genetic introgression 
(Whittaker et al., 2018). The effective population sizes of North East Atlantic (Iceland, 
Faroe Island and Norway) populations were found to be consistently low, and susceptible 
to these concerns.  
The production of lumpfish is successful and the number of deployed lumpfish in salmon 
cages in Norway in 2018 was 30 million fish (Norwegian Directory of Fisheries). However, 




transportation and in net pens. Lumpfish suffer from diseases in the same manner as all 
other organisms, and high mortality caused by bacterial diseases has been observed. In 
recent years, viral diseases have also been reported (Table 1). In addition, some of the 
incidents were related to sub-optimal handling and conditions in the net pens, such as; 
low oxygen levels during transportation, lack of equipment suitable for lumpfish and lack 
of feed in the net pens. However, mortalities caused by bacterial infections have caused 
the major disease outbreaks in lumpfish. In particular, three bacteria have been highly 
problematic: V. anguillarum, atypical Aeromonas salmonicida and Pasteurella sp., and are 
still a major problem (Walde et al., 2019), Table 1.  
V. anguillarum, also known as Listonella anguillarum, is a Gram-negative (G-) comma 
shaped rod bacterium. It is polarly flagellated, non-spore forming, halophilic, facultatively 
anaerobic and the causative agent of vibriosis, a deadly hemorrhagic septicemic disease 
affecting various marine and limnological organisms including vertebrates, mollusks and 
crustaceans (Bergman, 1909; Farmer et al., 2015; Frans et al., 2011). It causes high 
morbidity and mortality rates in aquaculture and larviculture worldwide, thereby causing 
severe economic losses (Frans et al., 2011). In lumpfish, V. anguillarum is suspected to 
cause a classic vibriosis characterized by lesions, enlarged anus, pale gills, ascites and 
inflamed gut (Gulla, 2016). The classic vibriosis in lumpfish is to a large extent under 
control, as successful vaccines have been developed and deployed. However, lumpfish are 
still vulnerable to Vibrio infections in early life stages and before the vaccine gives 
protection. Also, a marketing license is needed as the vaccine is today distributed under 
an exemption from the Norwegian law.  
A. salmonicida was first described in Emmerich and Webel (1894) as the bacteria of trout 
disease. The disease was a major threat in salmon farming until effective oil-adjuvanted 
vaccines were developed (Midtlyng, 1996). Clinical outbreaks in salmon are seldom 
observed today. There are several recognized subspecies of A. salmonicida, but many 
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laboratories are satisfied with only distinguishing between typical and atypical A. 
salmonicida. Strains belonging to the subspecies salmonicida are denoted as typical while 
others are denoted as atypical, leaving the atypical A. salmonicida taxonomically more 
diverse than the typical (Wiklund and Dalsgaard, 1998). Gulla et al., (2016) created a rapid 
and inexpensive method for distinguishing between the different A. salmonicida 
subspecies by typing its vapA gene, a gene encoding the A-layer protein. Typical isolates 
are often related to disease in salmonids (furunculosis), atypical isolates are most 
commonly recovered from non-salmonid fish (disease often termed atypical furunculosis) 
(Gulla, 2017).  Macroscopically dark skin, skin lesions, hemorrhages, hemorrhaged swollen 
anus and multiple white nodules in kidney was observed in intraperitoneal and 
cohabitation A. salmonicida infected lumpfish (Rønneseth et al., 2017). 
Disease caused by Pasteurella sp., known as pasteurellosis, in farmed lumpfish has steadily 
increased during the years of production and is today one of the most prevalent bacterial 
disease agents in Norwegian lumpfish aquaculture. Although the bacterium has not yet 
been described to the genus level, phylogenetic analysis revealed a close relation to 
Pasteurella sp. from Atlantic salmon in Norway (Alarcon et al., 2016a). Macroscopically 
affected fish show skin lesions, especially around the eyes, hemorrhages of internal 
organs, gill, fins and granulomas. Histopathological observations include; multifocal 
bacterial microcolonies in skin, gills and internal organs (Alarcon et al., 2016a; Ellul et al., 
2019 b). It can resemble the histopathology of A. salmonicida (Scholz et al., 2018). The 
Pasteurella sp. can cause extreme mortalities (up to 100%), and antibiotic treatment does 
not completely treat the population, as subclinical carriers post treatment is common and 
outbreaks can reemerge after stress-events. It has been speculated that Pasteurella sp. is 
a facultative intracellular bacterium, possibly explaining the lack of efficiency in antibiotic 
treatments (Ellul et al., 2019 b). The currently available commercial vaccines to lumpfish 
do not contain Pasteurella sp., and if it has a facultative intracellular lifestyle, it will be 




the mortality kinetics of challenge trials were affected by the vaccines, the end mortality 
was not. It is suggested that this is either an effect of the vaccine-preparation or due to 
the possible intracellular nature of Pasteurella sp.  (Ellul et al., 2019 a). These properties 
make Pasteurella sp. a serious threat against aquaculture applications of lumpfish.  
In the most recent years, Pseudomonas anguilliseptica has proven to be an elusive agent 
and is considered an emerging pathogen. None of the current disease combating 
measurements have hindered the spread of P. anguilliseptica, as outbreaks of this 
pathogen is strongly correlated to the production of lumpfish (r2 = 0.9932, Fig. 1) – as more 
lumpfish are sold, more outbreaks caused by P. anguilliseptica are observed. When using 
the parameter “sold lumpfish” as proxy for number of lumpfish in Norwegian fish farming, 
these data entail that P. anguilliseptica is a proficient pathogen at exploiting the 
production and utilization conditions in Norway. In order to gain control of this disease, 
Figure 1. Scatterplot of number of Norwegian lumpfish localities with disease outbreaks in plotted 
against yearly production of lumpfish.  y1 = the linearly relationship between P. anguilliseptica 
outbreaks and amount of sold lumpfish. Illustrated by the yellow trend line. y2 = the linearly relationship 
between V. anguillarum outbreaks and amount of produced lumpfish. Illustrated by the pink trend line. 
R2 reflects the Pearson correlation effect of the respective yx. The data presented here is a compilation 
of data from the Fish Health report 2018, Table 10.1, of the Norwegian Veterinary Institute and the sales 





The innate immune system of teleosts 
The immune system is divided into the innate (non-specific) and the acquired (specific) 
immune system. However, growing evidence reveal interplay and functional overlap 
between these sections. Despite this, it is a valuable distinction. Chiefly, the potency of 
the innate immune system is dependent on genetic inheritance, while the potency of the 
adaptive immune system is dependent on the individual microbial exposure history. In 
addition, the innate immune system is more structurally and functionally diverse while 
the adaptive immune system is a highly specialized system that has honed a few effector 
mechanisms with highly specific initiators - the T-cell receptor (TCR) and B-cell receptor 
(BCR). Furthermore, the innate immune system is considered a rapid response system 
while the adaptive immune system is considered a slow, but heavy hitting, defense 
system. 
The immune response to a new pathogen occurs in three phases. The first phase includes 
the anatomical barriers and some immediately acting humoral factors. In the second 
phase of the response, innate immune cells sense the presence of the pathogen. This 
activates the innate immune cells, which initiate several different effector mechanisms. If 
these responses are not enough to handle the infection, mechanisms will be engaged to 
induce the third phase of the immune response, which leads to the expansion of antigen-
specific- and memory lymphocytes. 
The first phase of the immune response. 
Pathogens are nearly as diverse as the tree of life; representatives within all kingdoms of 
life infect other representatives. When we phylogenetically limit the host to a phylum, for 
instance Vertebrata, the diversity is smaller, but still striking. Five groups of Vertebrate-
infecting pathogens can be characterized: viruses, Bacteria, Fungi, Protozoa and Metazoa. 
The three former groups are often described as microbial organisms, or microbes for 
short, while the latter two groups are often described as parasites. These groups are 
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biochemically different from each other, they have different habitats and life cycles. In 
order to control these pathogens, the hosts have a wide range of innate and adaptive 
immune mechanisms. Table 1 contains a list of the lumpfish pathogens highlighting the 
diversity.  
Pathogens can infect all body compartments. Two compartments can be defined: the 
extracellular and the intracellular. The extracellular compartments are separated into 
epithelial and interstitial spaces, while the intracellular compartments are separated into 
cytoplasmic and vesicular spaces.  Most bacterial pathogens live and replicate in 
extracellular space causing extracellular infections and inflammation (see section 
“Inflammation”), and they are susceptible to engulfment by phagocytic cells. The 
phagocytic cells have receptors that can recognize the pathogen directly, but also 
receptors for opsonins, which are components that cover the pathogens and make it more 
vulnerable for phagocytosis, such as lectins and complement factors (Zhang and Wang, 
2014) . In addition to phagocytic receptors, phagocytic cells have signaling PRRs, which 
upon binding with their respective ligands, initiate intracellular signaling cascades leading 
to an increased cytokine production.   
Surface tissues 
A tough skin, with an outer layer of keratinized dead cells, hair and fatty acids, 
characterizes the external surface of mammals. This provides a completely different 
ecological niche than the fish skin. The fish skin lacks a mechanical barrier provided by the 
dead cells. Further, mucus covers the teleost skin,  and fish have scales instead of hair. 
Lumpfish also have hypodermic protrusions that break the epidermis and are covered only 
by mucus. Haugland et al., (2018) theorized that these protrusions might act as important 
gateways for pathogens if the mucus layer gets disturbed.  Mucus covers all the epithelial 
surfaces of teleosts, and it has been of high interest in fish health research the later years. 




mucous tissues possess a myriad of different innate immune components and provide  
physical barriers. All mucosal surfaces of teleosts are in an intimate relation with the 
microbiota of the surrounding water, and the microbial load on the surfaces of the fish 
can be very high. Here follows an anatomical description of the differing surface tissues, 
including specialized immune adaptations for each organ.  
Stratified squamous epithelium lines the mouth cavity, gill arches and esophagus, 
containing numerous mucus cells and taste buds. The mucus ensures easy passage of feed 
and protects the epithelium. The gills are in the gill cavity, the area between the gill arch 
and the operculum (gill lid). Two gill filaments are attached to one gill arch, both filaments 
are referred to as holobranch, while one of the two are referred to as hemibranch. The 
hemibranch is composed by stacked primary lamellae, protruding from the lateral-
posterior side of each gill arch. On each primary lamellae, thin-walled tissue leaves – or 
secondary lamella – are stacked tight and is the site of gas exchange. Simple squamous 
epithelium lines the surface, it is supported by pillar cells (specialized endothelial cells) 
which form the capillary veins. This ensures an efficient respiratory organ by an extremely 
close distance between the blood and the oxygen rich water (0.5 – 4 μm in healthy 
individuals). Active species have larger and more numerous secondary lamellae, and more 
sedate species have smaller and less numerous secondary lamellae (Kryvi and Totland, 
1997). In salmonids an inter-branchial lymphoid tissue has been characterized (Haugarvoll 
et al., 2008). It has been described as “intraepithelial cell accumulations on the caudal 
edge of the inter-branchial septum at the base of the gill filaments”, and “a distinct 
structure consisting of T cells embedded in a meshwork of epithelial cells” (Aas et al., 
2014; Haugarvoll et al., 2008). This salmonid inter-branchial lymphoid tissue is the only 
evidence in teleosts of an organized mucosa-associated lymphoid tissue (MALT).  
Recently, the nasal cavity has sparked an increased interest among fish immunologists. 
The detection by Tacchi et al., (2014) of a nasal associated lymphoid tissue (NALT) in 
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rainbow trout has been important in driving this interest. Teleosts possess two nasal 
cavities, both placed in between their two respective nasal openings and ends. Water 
flows in through the anterior opening, passes through the olfactory rosette and leaves the 
fish through the posterior opening. Movement of the fish is usually the cause of the water 
flow. A central bar of connective tissue with olfactory epithelium folds protruding from it, 
composes the olfactory rosette. The sensory cells of the olfactory epithelium are classical 
bipolar neurons – being a short dendrite ending in the surface of the epithelium with a 
limited number of cilia. The combined neurites of all the sensory cells encompasses the 
nervus olfactorius, and is directly coupled two lobus olfactorius, usually situated directly 
in front of telencephalon (Kryvi and Totland, 1997). This short distance between the water 
and brain is an ecological niche some microbes might exploit, as the brain’s immune 
defense lack pro-inflammatory properties. Besides the olfactory sensory cells, the 
olfactory epithelium consists of support-, basal-, myeloid- and lymphoid cells (Kryvi and 
Totland, 1997; Tacchi et al., 2014). The lymphoid cells are also scattered throughout the 
lamina propria, and compromises the diffuse nasal associated lymphoid tissue. In rainbow 
trout NALT, IgT+ B-cells contribute 50-60% of the total B-cells, resembling the population 
distribution of gut. IgT+ B-cells in the nasal cavity are primarily found in the epithelial tissue 
while in gut IgT+ B-cells tend to be localized in the lamina propria. Further, in rainbow trout 
mucosal Ig’s coat two thirds of the microbial community colonizing the nasal cavity and 
50% of the microbial community are double coated while IgT and IgM,  coated with 25% 
each (Tacchi et al., 2014).  
The digestion canal starts at the mouth and continues through the fish until its rectum. 
Conceptually, the digestion canal is organized in a constant fashion:1, the lumen is lined 
by an epithelial mucosa-layer, 2, it is supported by a sub-mucosa layer, mainly consisting 
of loose connective tissue known as lamina propria, 3, this is separated by a cell-less band 
of collagen, known as stratum compactum, and 4, it is enclosed in a layer of circular muscle 




externa, and is sheathed by a layer of peritoneum, known as serosa. The muscle layer 
ensures the passage of food by peristaltic movements. Based on distinct morphological 
and histological properties, the division of the digestion canal in teleosts is mouth, 
esophagus, stomach, gut and hindgut. The entire digestion canal is lined by varying 
mucous tissues, some of them are primarily important as a first-line defense of the 
immune system, while other also contain lymphocytes. The immunology of the digestion 
canal is interesting from the applied sciences regarding immune prophylaxis and 
production, as inflammation of the digestion canal can significantly affect growth rate and 
so forth. Further, the digestion canal is an important route of infection of many pathogens. 
Several sphincters line the entrance of the esophagus. The esophagus mucosa layer 
consists of several layers of cylinder cells covered by mucus cells, lining the lumen a simple 
squamous cell layer. Secreted mucus on the surface of the epithelium is continually 
produced by the numerous mucus cells. The esophagus epithelium has several folds in 
both cross-sectional and longitudinal direction and beneath the lamina propria there are 
muscles, yielding a noticeable flexible tube able to move large pieces of food down to the 
stomach.  
Some teleost species lack a stomach, and the esophagus leads the food directly into to the 
gut. Cleaner fish from the family Labridae is among them (Lie et al., 2018). The transition 
between the esophagus and stomach is not macroscopically clear, but histologically there 
is a defined division. The composition of stomach wall is like the gut as the mucosa layer 
is a folded simple cylinder epithelium supported by submucosa. Numerous granulocytes 
surround the stratum compactum. In addition to this general organization of the stomach 
and gut, they have some defining features. Tight folds line the stomach epithelium 
creating a microenvironment called the crypt. Chief cells line the crypt and produce the 
hydrochloric acid and pepsin, responsible for the bulk digestion. From humans, the pH in 
the stomach can reach extremely low levels, ranging from pH 1-2. A mucus layer 
22 
containing high concentrations of bicarbonate and potassium protects the chief cells, also 
providing a difficult pH barrier for pathogens to pass (Ross and Pawlina, 2011). The 
proximal region of the stomach contains a thinner muscle layer than the distal region. At 
the end of the distal region an area called pylorus is defined by the increased circular 
muscle layer, giving rise to a sphincter muscle that separates the stomach and the gut 
(Kryvi and Totland, 1997).    
Further digestion is continued in the gut. Immediately downstream of the pylorus, the gall 
and pancreas ducts deposit its contents into the gut. Consequently, the pH is increased, 
and, fat emulsifiers, waste from blood and digestive enzymes is deposited in the gut. 
Distally of these ducts, pyloric caeca are often found. These are dendrite-like gut-
protrusions that can be numerus, reaching hundreds in some cod species. Principally the 
histology of these are like the rest of the gut, although the walls are thicker. The histology 
of the gut resembles the histology of the stomach, with some notable exceptions. The 
simple cylinder epithelium has several adaptations increasing the surface tissue: cross-
sectional folds, mucosa villi and epithelial microvilli. The cross-sectional folds can surpass 
half the circumference of the gut. Upon these folds the mucosa villi protrudes and apically 
on the epithelial cells the microvilli is located. Further, the epithelium contains secretory 
endocrine cells and intra-epithelial leukocytes with significant cytotoxic activity (Kryvi and 
Totland, 1997; McMillan and Secombes, 1997). However, most of the leukocytes are 
present in the submucosa. 
Body fluids 
Immunologically there are three body fluids of major importance: mucus, interstitial fluid 
and vascular fluid. Mucus is an extra-cellular matrix rich in glycoproteins yielding a highly 
viscous fluid covering all surface tissues of teleosts. In addition to all the immune 
components (e.g. antibodies, antimicrobial peptides) in mucus, it has important functions 




hard for pathogens to establish a site of infection. The interstitial fluid is the fluid filling all 
the gaps between the cells in organs and tissues. This fluid is rich in several immune 
components, and sentinel cells of the innate immune system, such as macrophages and 
dendritic cells that continuously wade through it hunting for potential pathogenic 
components. The vascular fluids, blood and lymphatic fluids, are extremely important for 
protection, as the immune system is distributed throughout the entire body, and not 
localized to one specific organ. During inflammation, immune cells and immune 
components (e.g. humoral factors such as acute phase proteins and pro-inflammatory 
cytokines) must be recruited to a site of infection within short time and the vascular 
systems are the highways of the immune system.  
The  presence of a lymphatic system in teleosts has been questioned. However, recent 
studies have shown that zebrafish possess a secondary vascular system that shares many 
of the morphological, molecular and functional characteristics of lymphatic systems in 
other vertebrates (Jung et al., 2017, and references within). Whether this represents a 
true lymphatic system, as seen in higher vertebrates, or an evolutionary prototype 
remains to be unveiled.  
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Humoral components 
The humoral components of the innate immune system are numerous and diverse, and it 
is beyond the scope of this introduction to give an exhaustive description of it. Several 
reviews cover this topic (Magnadottir, 2006; Whyte, 2007; Zhu et al., 2013). The humoral 
components (Fig. 2) have several immune effects, such as microbial inhibition, microbial 
Figure 2. A non-exhaustive network overview of humoral components and related terms in the teleost 




killing, signaling, opsonization or precipitation of microbes. In the current study, we have 
focused on early immune responses, and thus the complement system, the PRRs and the 
cytokines in the humoral innate immune system are described in the following sections. 
Complement system 
The complement system is an essential part of the innate immune system, constituting a 
link between innate and adaptive and it compromises of more than 35 different soluble 
and membrane-bound proteins. Most complement components have been identified in 
teleosts (Zhang and Cui, 2014), including lumpfish (Eggestøl et al., 2018 and Haugland et 
al., 2018). The complement factors are synthesized as inactive precursor molecules, 
activated by different stimuli. These stimuli define the three different activation pathways 
(reviewed in Walport 2001, and references within). Activation of the classical pathway, 
which was the first pathway to be described, occurs through binding of an antigen by an 
antibody (Ab) leading to a conformational change of the Ab and the subsequent binding 
of C1s, -r and -q. In turn, this complex called the C1qrs complex, leads to splitting of C4 
and C2 into C4a, C4b, C2a and C2b. C4b and C2b dimerize forming C4bC2b or C3 
convertase, which in turn splits C3 into C3a and C3b. C3b in turn complex with C3 
convertase and forms the C5 convertase. All activation pathways converge on C5 
convertase, which splits C5 into the chemokine C5a and C5b. C5b activates a cascade of 
proteins, C6-C9, which results in a pore-forming membrane attack complex (MAC). The 
MAC lyse the pathogen as it permeates the membrane, causing the cytoplasm to leak out 
of the attacked pathogen. 
Activation of the lectin pathway occurs through the binding of lectin. Ficolins and mannose 
binding lectin (MBL) can bind lectins, mainly mannose and N-acetylglucosamine, and 
activates MBL associated serine proteases (MASP). In turn the MASPs acts as the C1 
complex and splits C4 and C2 in a similar manner, resulting in the processing of C5 with 
subsequent lysis of the pathogen. 
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In the alternative pathway C3 spontaneously hydrolyses in the body fluids, and binds all 
membranes. Membrane bound C3b binds to factor B and forms C3bBb a C3 convertase, 
which in turn binds another C3b forming C3bBbC3b. This complex is stabilized by 
properdin and functions as a C5 convertase, which causes the MAC to form. However, this 
pathway as described does not separate between host and pathogen cells, potentially 
leading to detrimental conditions for the host. In order to separate between self and non-
self, host cells express a C3b receptor that binds and inhibits the C3 convertase activity, 
thereby stopping the complement cascade on host-cells. In teleosts the alternative 
pathway’s components have been measured several titers higher than in mammals, likely 
reflecting an increased dependence on the alternative pathway (Sunyer and Tort, 1995).  
Inflammation 
Inflammation is a complex biological response of body tissues to harmful stimuli - 
microbes, irritants or damaged cells. It is a protective response that involves leukocytes, 
fibroblasts, vascular vessels and soluble molecules (Murphy and Weaver, 2012). In a 
molecular perspective, the response starts by innate immune cells detecting a pathogen-
/damage associated molecular pattern (PAMP/DAMP). This leads to a transduction of 
intracellular signals, which ultimately leads to the production and secretion of effector 
molecules and a changed phenotype (see references in section “Bacteria induced PRR 
mediated signaling”). Typically, this will be performed by macrophages, which are sentinel 
cells continuously sensing its environment, but also by dendritic cells (Murphy and 
Weaver, 2012). The effector molecules include the pro-inflammatory cytokines IL- -6 
and TNF-  (see references in section “Pro-inflammatory cytokines”). This will initiate an 
immunological cascade reaction leading to granulocyte- and macrophage-infiltration, in 
particular neutrophils will be recruited, and vasodilation of the neighboring blood vessels 
(reviewed in Ryan and Majno 1977). In the late phases encapsulation by fibroblasts will 
occur, separating the affected tissue from healthy tissue. Also, dendritic cells migrate to 




homologous lymph nodes as mammals, but head kidney and spleen are secondary 
lymphoid organs in fish where antigen presentation takes place (Haugland et al., 2018). 
Phagocytosis 
Phagocytosis is the process by which cells engulf large, solid particles (>1 μm) and form 
internal vesicles called phagosomes. It is a defensive reaction against infection and 
invasion of the body by foreign substances. Moreover, it is crucial to maintaining the 
homeostasis in the body, as it removes cell debris and apoptotic cells. Phagocytosis is 
therefore considered a critical process of the innate immune system (Esteban et al., 2015). 
In vertebrates, professional phagocytic cells are monocytes, macrophages and 
granulocytic cells, mainly neutrophils. Furthermore, B-cells in fish and amphibians, and 
the mammalian B1 cells, are professional phagocytic cells with the ability to kill 
internalized bacteria (Li et al., 2006; Rønneseth et al., 2015; Øverland et al., 2010). Also, 
thrombocytes have this ability in teleosts (Esteban et al., 2015).  
The phagocytic activity of lumpfish leukocytes is very high, as characterized by Haugland 
et al., (2012a). Leukocytes from head kidney, peripheral blood and spleen displayed very 
high phagocytic and respiratory burst activity, verifying a potent oxygen-dependent killing 
mechanism. The phagocytic leukocytes were morphologically heterogeneous (Rønneseth 
et al., 2015). Except for anti-IgM antibody (detecting B-cells), lack of available antibodies 
made it impossible to identify the phagocytes further. Interestingly, a subset of small 
leukocytes with extremely high phagocytic capacity were identified (Rønneseth et al., 
2015), like observations in salmon (Haugland et al., 2012b). 
Cells of the innate immune system 
The hematopoiesis of the cells (leukocytes) in the immune system are divided into two 
main lineages: the myeloid and lymphoid. Chiefly, the innate immune cells are of the 
myeloid cell lineage, while the adaptive immune cells are of the lymphoid lineage. 
However, there are some notable exception to this claim: natural killer (NK) cells in 
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mammals (or nonspecific cytotoxic cells (NCC), in teleosts) and plasmacytoid dendritic 
cells (Manz, 2018). The other innate immune cells of teleosts include monocytes, 
macrophages and granulocytes (Castro and Tafalla, 2015, references within and Haugland 
et al., 2014). The lumpfish leukocytes were morphologically (see Fig. 3) and cytochemically 
characterized (Haugland et al., 2012a). Furthermore, they were stained by anti-IgM 
antibody labelling B-cells (Rønneseth et al., 2015). 
All the main subtypes of leukocytes were identified such as lymphocytes, 
monocytes/macrophages, neutrophils and dendritic-like cells. Monocytes circulate in the 
blood and differentiate into macrophages when they migrate into tissue. During 
inflammation, macrophages are the first cells to encounter invading pathogens, and 
engulf and degrade them. A range of phagocytic receptors such as glucan receptors, 
receptors for complement factors and Fc receptors mediate this process (Zhang and 
Wang, 2014). Phagocytosis has been reported to be most active within macrophages 
among teleost leukocytes (Esteban et al., 2015). 
Three different types of granulocytes have been identified in fish: neutrophils, eosinophils 
and basophils. Mammalian neutrophils are crucial in the anti-microbial defense, as they 
kill, degrade and initiate an inflammatory response upon microbial exposure. However, 
morphological heterogeneity and a lack of cell-specific surface markers makes it difficult 
to postulate generalized claims regarding the function of teleost granulocytes (Esteban et 
al., 2015). Mammalian neutrophils control the microbial environment through 
phagocytosis and secretion of antimicrobials, like macrophages. In addition, neutrophils 
can produce neutrophil extracellular traps - fiber networks primarily composed by DNA 
that bind pathogens. It is believed that neutrophil extracellular traps limit the inherent 
damage to the host-cells, which occurs because of anti-microbial activity of neutrophils 





Figure 3. Morphological characterization of lumpfish leucocytes isolated from peripheral blood (PBL), 
head kidney (HKL) and spleen (SL). The overview photos in the left panels and the representative single 
cells were captured at 400 and 630 times magnification, respectively. i = lymphocytes, ii = 
monocytes/macrophages, iii = polymorphonuclear cells and iv = dendritic-like cells. The inset at top left 
of the right panel show a polymorphonuclear neutrophil isolated from Atlantic salmon for comparison. 
From Haugland et al. (2012a). 
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DCs are crucial in the mammalian immunology paradigm. Being both important cells of 
the innate immune system as phagocytic cells and highly potent antigen presenting cells 
bridging the innate and adaptive immune systems. Upon exposure to antigens, DCs engulf, 
degrade and present the antigens on its surface, migrates to lymphoid tissues where it 
activates and stimulate lymphocytes to elicit a highly specialized immune response. In 
zebrafish, a cell population with DC-like morphology and high affinity for peanut agglutinin 
was capable to phagocytose bacteria and activate T-cells in an antigen-dependent manner 
(Lugo-Villarino et al., 2010). Mammalian protocols for generation of DCs have been 
adapted to obtain cultures of highly mobile, non-adherent rainbow trout cells with 
irregular membrane processes and expressed surface major histocompatibility complex 
(MHC) class II (Bassity and Clark, 2012). The dendritic like cells in rainbow trout had tree-
like morphology, expressed DC markers, were able to phagocytose small particles, were 
activated by TLR-ligands and migrated in vivo, all hallmark properties of mammalian DCs. 
Further, small mononuclear blood cells in Atlantic salmon expressed CD83 and MHC class 
showed intense phosphatase staining, a lack of 
respiratory burst, a lack of myeloperoxidase activity and acid phosphatase’s sensitivity to 
tartrate. The morphologies were variable, and able to change upon stimulation with 
mitogens obtaining branching protrusions like DCs (Haugland et al., 2012b).   
In addition to studies reporting the presence of DCs in immune organs and blood, DC 
subsets have been identified in teleost skin and gills (Granja et al., 2015; Soleto et al., 
2018).  The identification of DCs in fish suggest that specialized antigen presenting cells 
evolved in concert with the emergence of adaptive immunity (Esteban et al., 2015). 
Cell-mediated cytotoxicity occurs because of altered, tumor, virus-infected or foreign 
cells. Mammalian NK cells do not need to be activated such as T-cells and B-cells and carry 
out its function as a part on the innate immune system. NK cells are large and granular 




contact and formation of immunological synapse, and 3, NK cell-induced targeted cell 
death (Abel et al., 2018). NCC are recognized as the teleost equivalent to mammalian NK-
cells (Evans and Jaso-Friedmann, 1992). They are large granular lymphoid cells without 
TCR or BCR that have a cytotoxic activity that is independent of prior exposure history.  
Recently, a new group of innate immune cells have been recognized - the innate-like 
lymphocytes, including among others the NK cells (reviewed in Spits and Cupedo 2012). 
Evidence suggests that conventional fish lymphocytes could have developmental, 
morphological and functional features in common with innate-like lymphocytes of 
mammals. Therefore, fish lymphocytes could be of valuable comparative interest in the 
study of human diseases involving innate-like lymphocytes (reviewed in Scapigliati et. al 
2018)   
Germline encoded pathogen recognition 
In addition to phagocytosis, non-self-stimuli initiate intracellular signaling pathways 
ensuring that the immune response is tailored to the invading pathogen. Pathogens have 
signature molecules, PAMPs, revealing them as intruders for the immune system. In 
addition to be specific for a group of pathogens and not found within the host, PAMPs are 
conservative and repetitive. By the requirement of conservative, it is referred to the lack 
of evolutionary divergence potential and by repetitive it is referred to the monomeric 
nature - PAMPs occurs as molecular units that is compiled together as polymer. PAMPs 
can be divided into subgroups based on their chemical properties. Bacterial PAMPs will be 
discussed in further detail in the following sections. 
So-called pathogen recognition receptors (PRRs) and pathogen recognition molecules 
(PRMs), expressed by the host, recognize the PAMPs.  PRMs can have direct killing action 
on the bacteria such as antimicrobial peptides, or they initiate an extracellular cascade 
reaction leading to an immune reaction, such as the complement system. PRRs on the 
other hand initiate an intracellular signaling cascade leading to a changed phenotype of 
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the cell including an increased secretion of immune-orchestrating cytokines. PRRs 
includes Toll-like receptors (TLRs).  
PAMPs 
The flagellum, the whip-like appendage enabling bacterial motility, is constructed of 
repetitive units of the peptide monomer flagellin. Earlier, flagellin was primarily viewed as 
a virulence factor, but is now considered a potent immune activator. Due to this potency 
it is recognized as an important vaccine adjuvant and immune stimulator (Tafalla et al., 
2013). Flagellin is recognized by the TLR5 (Hajam et al., 2017).  
Lipopolysaccharide (LPS) is a highly acylated saccharolipid located at the outer membrane 
of G- bacteria.  It functions as a barrier preventing the passive diffusion of hydrophobic 
solutes into the cell, such as antibiotics and detergents, and it is considered an essential 
component for outer membrane biogenesis and cell viability (Zhang et al., 2013a). 
Although LPS is a highly potent stimulator of the mammalian immune system, its role as a 
PAMP in teleosts is convoluted. It is firmly proven that teleosts respond to LPS exposure, 
although generally considered not as potent as mammals, and the mechanism of 
detection in teleosts is disputed. Interestingly, LPS have been proven to be recognized by 
cytosolic NLRs in the teleost Miichthys miiuy (Bi et al., 2018). In mammals, a cascade of 
molecules leading to the activation of TLR4 detects LPS (reviewed by Kuzmich et al., 
(2017)).  
Unmethylated cytosine phosphodiester guanine (CpG) are CG repeats of bacterial DNA 
without methylation and are considered PAMPs due to their abundance in microbial 
genomes and low abundance in vertebrate genomes. Methylation of DNA is a process by 
which methyl groups are added to the DNA. This may change the activity of a DNA 
segment and it is considered as an important mechanism of gene regulation. In Escherichia 
coli only 0.75% of the cytosines are methylated, compared with 74.2 % and 80.3% in mice 




the receptor for CpG in mammals expressed in the late endosome/lysosome as a 
transmembrane receptor. After ligand binding, a complex cascade is initiated, resulting in 
production of pro-inflammatory cytokines (e.g. IL-12) or type I interferon (IFN) production 
(Minton, 2018; Bode et al., 2011). 
The bacterial cell wall is composed of several different components, among them is 
peptidoglycan (PGN). Although PGN is one of the most prominent components and 
present in most bacteria, it is particularly numerous in Gram-positive (G+) bacteria. The 
structure of PGN generally consists of a sugar backbone with differing crosslinking 
modifications. It consists of repeating disaccharides of N-acetylmuramic acid and N-
-4) linkages. The length of the sugar backbone varies. In 
the G+ genus Bacillus the length  varies from 50-250 disaccharides, while in G- bacteria it 
is 20-40 disaccharides (Vollmer et al., 2008). Each N-acetylmuramic acid is bound to 
oligopeptides, which themselves bind to other oligopeptides bound to other N-
acetylmuramic acid units. This creates a three-dimensional mesh-like structure. In 
mammals, PGN is recognized by PRMs, such as the soluble PGN recognition proteins 
(PGLYRPs) and by PRRs, such as nucleotide-binding oligomerization domain (NOD)-like 
receptors (NLR) 1 and 2 and probably TLR 2 (Wolf and Underhill, 2018). PGLYPRs are 
identified in zebrafish, and have bactericidal activity (Li et al., 2007). 
Another component of the bacterial cell wall is the lipoteichoic acid (LTA) – a polymer 
present in G+ bacteria. LTA is important for growth and physiology of bacterial cells, and 
modification of the backbone can provide protection against cationic antimicrobial 
peptides. However, the exact function of the LTA is unknown (Percy and Grundling, 2014). 
LTA is defined as an aditol-phosphate-containing polymer that is linked via a lipid anchor 
in the outer cell membrane in G+ bacteria, although efforts have been made to include 
more complex glycosyl-phosphate-containing polymers in the definition (Reid et al., 
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2012). In mammals, LTA is recognized by TLR2 and TLR2/6 heterodimer (Jang et al., 2015; 
Mogensen, 2009). 
PRRs 
While recognition of pathogens by PRMs and antibodies leads to increased phagocytosis 
and lysis, the PRRs tailors an immune response that is specific to the type of invading 
pathogen. The major families of PRRs are TLRs, NLRs, retinoic acid-inducible gene-I-like 
receptor (RLR), c-type lectin receptors (CLR) and absent in melanoma (AIM)-like receptor 
(ALR). The former two are known to contain members that are specific for extracellular 
bacteria and will be the focus of this discussion, where TLRs are membrane bound 
receptors on cell or endosomal membranes and NLRs are cytosolic receptors. In addition 
to the aforementioned PAMPs, many PRRs also respond to DAMPs. In general, these 
compounds are present inside healthy cells; however, following necrosis they leak into 
the interstitial space and elicits an immune response. Moreover, in mammals, some PRRs 
bind tumor associated molecular patterns (TAMPs) (Murphy and Weaver, 2012).   
TLRs 
TLRs were the first of the PRRs to be described and they are the best characterized innate 
immune receptors. Zhang et al., (2014) summarized the teleosts TLR types, and concluded 
that by 2014 twenty types of TLRs had been characterized in teleosts (TLR 1, 2, 3, 4, 5M, 
5S, 7, 8, 9, 13, 14, 18, 19, 20, 21, 22, 23, 24, 25 and 26). Later Solbakken et al., (2016) 
showed that cod have a severely expanded TLR repertoire, and firmly determined that 
teleosts have a more complex TLR repertoire than mammals (13 in mice and 10 in 
humans), see Table 2 for an overview of full length TLRs identified in teleosts. In paper I, 
the following TLRs were identified in lumpfish: TLR1, 2, 3, 5S, 5M, 7, 8, 9, 13, 14, 21, 22 
and 28. Compared to mammals, homofunctional TLRs include TLR1, 2, 3, 5, 7, 8 and 9. 




specificity is different they are heterofunctional as they do not respond to LPS (Nie et al., 
2018). 
All TLRs are type I transmembrane proteins that contain three parts: an extracellular N-
terminus with leucine-rich repeat (LRR) domain, a transmembrane domain and an 
intracellular toll/IL-1 receptor (TIR) domain. The specificity of the TLRs is determined by 
variation in sequence, number of LRR domains and overall globular structure. Many TLRs 
homo- or heterodimerize, increasing the number of ligands. TLR-ligand binding  initiate 
signaling through the TIR domain and followed by intracellular signaling. These pathways, 
which are highly conserved, are the NF-  and MAPK pathways (Takeuchi and Akira, 
2010). The TLRs recognizing bacterial ligands in teleosts are TLR1, 2, 4, 5, 9, 14, 18, 21, 22, 
25, 28, among these TLR5S, 18-20 and 22-28  are teleost specific compared with mammals 





The vertebrate TLRs are divided into six subfamilies: TLR1-, 3-, 4-, 5-, 7-, and 11 subfamily 
(Palti, 2011). As the TLR3 subfamily members do not recognize bacterial ligands, they will 
not be further discussed. 
The TLR1-family includes TLR1, TLR2, TLR6, TLR10, TLR14/18, TLR25, TLR28 and TLR28. 
TLR1 is important in the teleost bacterial defense, as it has been upregulated in several 
species upon bacteria or ligands exposure of them; large yellow croaker, miiuy croaker, 
zebrafish, orange spotted grouper and pufferfish (Meijer et al., 2004; Wang et al., 2013; 
Wang et al., 2016c; Wei et al., 2011; Wu et al., 2008). Moreover, TLR1 was also 
upregulated by poly (I:C) in orange spotted grouper and slightly downregulated in large 
yellow croaker (Wei et al., 2011). Further, in rainbow trout head kidney leukocyte (HKL), 
TLR1 expression was either not regulated or slightly downregulated by diacylated or 
triacylated lipopeptide, flagellin, poly (I:C), loxoribine and R848 (Palti et al., 2010). These 
data suggest that the ligand specificity of teleost TLR1 is more complex than its 
mammalian counterpart and is dependent on the specific evolutionary history of the 
studied specie.   
In mammals, TLR2 heterodimerizes with TLR1 or TLR6 and form M-shaped structures 
which bind ligands in the internal pockets formed by the heterodimers. The heterodimers 
recognize lipopeptides, both diacylated and triacylated, of various origin and the 
characteristic G+ components LTA and PGN (Takeuchi and Akira, 2010). To date, TLR 6 has 
not been identified in teleosts (Nie et al., 2018). In teleosts, the reported TLR2 ligands are 
PGN, LTA and lipopeptides (Basu et al., 2012; Quiniou et al., 2013; Ribeiro et al., 2010; 
Samanta et al., 2012). A novel teleost specific TLR, TLR28, was reported to have high 
homology with TLR2 (Wang et al., 2016b). Similarity between TLR28 and TLR2 was also 
observed in lumpfish (Eggestøl et al., 2018). In miiuy croaker, TLR28 was highly expressed 
in liver, and its expression was upregulated by stimulation with V. anguillarum, 
Staphylococcus aureus, LPS and poly(I:C).  
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The mammalian ligand specificity of TLR4 has been a source of many enigmas in teleosts. 
In mammals, LPS is an important endotoxin (Takeuchi and Akira, 2010). However, teleosts 
are resistant to the toxic effects of LPS (Novoa et al., 2009; Sepulcre et al., 2009). 
Moreover, mammalian TLR4 is well established as an LPS receptor, forming a complex with 
LY96 (also known as MD-2) and CD14. Recognition of LPS and downstream signaling has 
proven elusive in teleosts. Teleost TLR4 responds to bacteria (Su et al., 2009; Zhang et al., 
2013b), and in Indian major carp mrigal TLR4 expression was reported to be upregulated 
by LPS in all examined tissues 4h after treatment (Basu et al., 2013). However, this work 
is controversial and it is the only work to report LPS responsiveness of a teleost TLR4. The 
authors implemented an improper statistical inference (students T-test), and  novel tissue-
profiles were reported. Interestingly, some works report in addition to bacterial 
responsiveness, a possible function of TLR4 in viral recognition (Huang et al., 2012; Su et 
al., 2009). This heterofunctionality of teleost TLR4 is not surprising considering the 
comprehensive phylogenetic and syntenic analysis by Sullivan et al., (2009). They showed 
that the zebrafish TLR4s are of paralogues decent to the least common ancestor (LCA) of 
the mammalian TLR4. Further, they showed that zebrafish TLR4 does not transduce the 
LPS-signal, most likely due to its inability to complex with the other extracellular LPS 
recognizing host-proteins, rather than an incapability to signal through its TIR domain. 
Interestingly, teleost TLR4 is only identified within the order Cypriniformes.  
The ligand of TLR5 is flagellin; this is well established within Mammalia and generally 
accepted within Teleostei (Nie et al., 2018; Pietretti and Wiegertjes, 2014). TLR5 is present 
in teleosts as both a membrane bound (TLR5M) and as a soluble (TLR5S) protein encoded 
by two separate genes. TLR5S was first reported in rainbow trout (Tsujita et al., 2004) and 
later identified in most examined teleosts (Table 2) (Zhang et al., 2014). TLR5M is similar 
to the mammalian TLR5, containing the typical LRR, transmembrane and TIR domains, 
while TLR5S only possess the LRR domains (Bai et al., 2017). The expression profiles of 




expression of TLR5M was followed and facilitated by TLR5S in a positive feedback fashion 
(Tsujita et al., 2004). In most studies, TLR5S is more upregulated than TLR5M (Eggestøl et 
al., 2018 and references within). Exactly how TLR5S initiate downstream signaling is 
unknown, although a hypothetical mechanism has been postulated: TLR5S binds 
circulating flagellin and transports it to TLR5M, thereby amplifying the flagellin danger 
signal analogues to the mammalian TLR4 LPS mechanism (Rebl et al., 2010). Activated 
TLR5 directly regulate the expression of innate immune genes, such as TNF- -
CXCL-8, in grass carp (Xu et al., 2016b). 
The TLR7 subfamily members, TLR7, -8 and -9, do not recognize microbial surface 
components, neither outer nor inner membrane, but they do detect nucleic acids of 
bacterial or viral origin (Sasai and Yamamoto, 2013). In mammals, TLR9 is activated by 
unmethylated CpG motifs, however it requires translocation from the endoplasmic 
reticulum through the Golgi apparatus to the endo/phago-lysosomes which contain the 
foreign DNA – a likely safeguard against activation by self-DNA (Barton et al., 2006; Leifer 
et al., 2004). TLR9 detects CpG oligodeoxynucleotides (ODNs) in teleosts, which is also 
detected by TLR21 in teleosts (Li et al., 2017b; Nie et al., 2018).  
Teleost TLR13, belonging to the TLR11 family, was first identified in miiuy croaker where 
it was highly expressed in immune relevant organs, and recently in orange spotted 
grouper, TLR13 recognized bacterial RNA (Liang et al., 2018; Wang et al., 2016a). This 
ligand specificity is in congruence with that of mice (Li and Chen, 2012; Oldenburg et al., 
2012). Other TLRs have been identified and characterized, they either recognize viral or 
eukaryotic PAMPs, or their ligands have not yet been identified (Nie et al., 2018).  
NLR 
NLRs consist typically of three domains, a C-terminal region, made up of a variable number 
of leucine-rich repeats (LRRs), a central nucleotide oligomerization (NACHT) domain and 
an N-terminal effector binding domain (EBD). The C-terminal regions recognizes the ligand 
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and the N-terminal EBD interacts with adaptor molecules and downstream effector 
proteins. The nomenclature of NLRs was unified by the HUGO nomenclature committee 
(Ting et al., 2008). This system divides NLRs with differing EBDs into five subfamilies – NLR-
A containing acidic activation domain (AD), NLR-B containing baculovirus inhibitor of 
apoptosis protein repeat (BIR), NLR-C containing caspase-activation and recruitment 
domain (CARD), NLR-P containing pyrin domain (PYD) and NLR-X, containing other 
domains than the previously mentioned (Ting et al., 2008). Another nomenclature also 
exist, phylogenetic analyses of the central NACHT domain reveals three subfamilies: the 
NODs, the NLRPs (also known as NALPs) and Ice Protease Activating Factor (IPAFs) 
(Schroder and Tschopp, 2010). 
Homologues of mammalian NLRs have been reported in many different teleost species. 
The high degree of homology suggests that they play a similar role in the defense against 
harmful pathogens, reviewed in Zhang et al., (2018). In teleosts, members of the 
subfamilies NLR-A, -B and –C have been identified. The nomenclature of teleost NOD1-5 
varies between species due to structural differences. In zebrafish, NOD1-5 belong to the 
NLR-A subfamily and are referred to as NLR-A1 to -5 (Laing et al., 2008). While in channel 
catfish NOD1-5 are referred to as NOD1, NOD2, NLRC3, NLRC5 and NLRX1, respectively, in 
congruence with the nomenclature of the HUGO committee (Sha et al., 2009).  
Among mammalian NLRs, NOD1 and NOD2 recognize ligands produced during synthesis 
-D-glutamyl-meso-
diaminopimelic acid (iE-DAP) (Uehara et al., 2005). In recent years, there has been 
increased focus on NLRs in fish, yet only a few ligands have been identified. In goldfish 
NOD1 recognizes LPS, Poly(I:C) and PGN, NOD2 recognizes LPS, Poly(I:C), MDP and PGN 
and NLR-X1 recognizes LPS, MDP and PGN (Xie et al., 2013). In zebrafish NOD2 recognizes 
MDP (Zou et al., 2016). In Asian seabass, NLR-C3 responds to LPS, poly(I:C) and PGN (Paria 




vertebrates, fish have a subfamily of NLRs called NLR-C (Laing et al., 2008). Interestingly, 
in Japanese pufferfish, NLR-C9, 10 and 12 are suggested to be involved in LPS recognition 
(Biswas et al., 2016), confirming that the mechanisms for LPS recognition and signaling is 
different in mammals and fish. These preliminary studies suggest that teleost NLRs tend 
to be more promiscuous, regarding their ligand specificity compared to mammalian NLRs.  
Bacteria induced PRR mediated signaling 
For the immune system to move beyond the first phase of the immune response, a 
phenotypic change of the innate cells must occur.  The critical step for initiation of the 
cascade reaction that leads to this is the recognition of a PAMP by a PRR and the 
subsequent phosphorylation and/or spatial change of the intracellular domain allowing 
the binding of adaptor proteins. There exists several different intracellular signaling 
pathways, but the NF-  and the MAPK pathways are the most important in innate  
immunology. In addition to being activated by PAMPs the signaling pathways can be 
activated by cytokines, hormones and other stress signals. An infection elicits several 
stress signals which occur in the same spatial-temporal space. The corresponding immune 
response is therefore composed by several different signaling pathways with varying 
degree of cross-talking. It is therefore important to remember that, for instance a LPS and 
a flagellin exposure, they are not isolated events. In an analogous manner to the brain, 
the signal-mediating pathways are cross-talking and integrates the information signals, 
rendering the immune cell capable of advanced decisions. It is this combined concert 
between different signal mediating mechanisms that enables the innate immune system 
to tailor an immune response to a specific pathogen. 
Adaptor molecules 
The downstream adaptor molecules of TLRs and NLR varies. The TLR signaling is 
dependent on TIR-TIR interaction between the TLR and its corresponding adaptor protein. 
The adaptor proteins containing TIR domains are MYD88 (myeloid differentiation primary-
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response gene 88), TIRAP (TIR adaptor protein), TICAM (TIR domain-containing adaptor 
molecule) and SARM ( - and armadillo-motif-containing protein) (O’Neill and 
Bowie, 2007). Almost all the TIR domain-containing adaptors reported in mammals appear 
to be conserved in teleosts (Takano et al., 2010). The signaling NLR adaptor protein are 
receptor-interacting serine/threonine-protein kinase 2 (RIP2).  
MYD88 is a universal adaptor molecule, present in most TLR signaling pathways (except 
for TLR3), and activates the NF B signaling pathway and  expression of pro-inflammatory 
cytokines (Kawai and Akira, 2007). MYD88 is an important TLR signaling molecule in 
teleosts (Rebl et al., 2010). An artificial lack of MYD88 (knockout, KO) allowed bacteria to 
proliferate 100-1000 folds within 6 days, compared to MYD88 expressing zebrafish 
embryos. The MYD88-KO embryos were not able to clear or control the infections (Van 
Der Sar et al., 2006). Although MYD88 gene expression in Japanese flounder PBL was 
induced by PAMP stimulation, LPS and poly (I:C), the MYD88 gene expression of rainbow 
trout HKLs was not induced by the PAMPs poly (I:C), flagellin and R848 which mimic single-
stranded RNA (Purcell et al., 2006; Takano et al., 2006). MYD88 has been identified in  
Figure 4 (next page). Bacteria induced PRR intracellular signaling. The recognition of a PAMP by its PRR, 
activates the PRR in a manner allowing for the docking of the relevant adaptor proteins. Conceptually there 
are three different mechanisms for bacteria induced PRR mediated signaling: the TLR MYD88-dependent, 
the TLR MYD88-independent and the NLR signaling pathway. All feed into the NF  and MAPK pathways 
through the TAK1/TAB complex, also the TLR MYD-88 independent feed into the pathway leading to the 
transcription factor IRF3. MAPK and NF  also act as transcription factor when they are present in the 
nucleus. When they are present in the nucleus, they recruit RNA polymerase and eventual coactivator 
molecules, and start or increase the transcription of pro-inflammatory cytokines and other molecules 
involved in the inflammation reaction, such as phagocytosis. This figure is based upon descriptions of the 
illustrated pathways in the litterature (Kawasaki and Kawai, 2014; Mitchell et al., 2016; Seger and Krebs, 
1995). Disagreement between teleost and mammalian systems is highlighted by bold yellow text (for 
references see section “Adaptor molecules”). Teleost specific ligands are not shown as the literature is 








members across the whole teleost evolutionary tree, including cyprinids, salmonids and 
perciforms (Meijer et al., 2004; Purcell et al., 2006; Skjæveland et al., 2009). 
Mammalian TIRAP (also known as MYD88 adaptor-like protein, MAL, or Toll/IL-1 
associated protein) mediates the activation of the MYD88-dependent pathway 
downstream of TLR2 and -4 (Kawai and Akira, 2007). In miiuy croaker TIRAP was suggested 
to be involved in TLR1 mediated LPS signaling (Xu et al., 2016a). Besides the teleost miiuy 
croaker, TIRAP has been identified in pufferfish and zebrafish. In zebrafish TIRAP was 
significantly induced by Mycobacterium marinum intraperitoneal challenge (Meijer et al., 
2004) 
Mammalian TICAM 1 and 2 are paralogs of a LCA that is not duplicated in the teleost 
lineage. The teleost TICAM is of equal distance to both mammalian TICAM (Stein et al., 
2007; Sullivan et al., 2007). Mammalian TICAM1 substitutes MYD88 in the MYD88-
independent pathways of TLR3 and -4, resulting in the activation of NF-  and IRF3. In the 
MYD88-independent pathway NF- B is activated via the TRAF6 and/or RIP1 pathways, and 
IRF3 is activated by TBK1 (TANK-binding kinase 1). Mammalian TRAF3 links TICAM1 and 
TBK1, resulting in the production of type I IFN (Kumar et al., 2009). Teleost TICAM is 
involved in the TLR3- and -22 NF- B inducing signaling (Fan et al., 2008; Matsuo et al., 
2008; Oshiumi et al., 2008). Interestingly, although teleost TICAM does not activate IRF3, 
it associates with TBK1 and is involved in the production of IFNs. Further, the teleost 
MYD88-independent pathway activates NF- B independent of TRAF6. The MYD88-
independent pathway in zebrafish is shown to involve the RIP1 pathway (Sullivan et al., 
2007). It is suggested that teleost IFN production through TICAM is different from the 
mammalian system (Rebl et al., 2010; Takano et al., 2010).  
SARM inhibits TRIF-dependent pathway in humans, and murine SARM regulates TRIF 
activity (Kawai and Akira, 2007; Kenny and O'Neill, 2008). SARM have been identified in 




In lumpfish, full-length sequences of MYD88, TICAM1 and TIRAP were identified. In 
addition, two partial sequences of SARM were identified. TIRAP 2 was not identified in 
lumpfish, similarly to other fish species (Eggestøl et al., 2019). 
Mammalian RIP2 mediates the NLR activation of both the NF-  and the MAPK signaling 
pathways upon activation of NOD1 and -2 (Chin et al., 2002; Inohara et al., 2000; 
Kobayashi et al., 2002). Besides signaling transduction activating the NF-  and the MAPK 
signaling pathways, mammalian RIP2 also participates in inflammasome-associated 
pathways (Sarkar et al., 2006). Furthermore, mammalian RIP2 has been demonstrated to 
be instrumental in the defense against the bacteria Listeria monocytogens and 
Acinetobacter baumannii, along with its upstream receptors, the NLRs, NOD1 and -2 (Bist 
et al., 2014; Kim et al., 2008; Park et al., 2007). Among teleosts, RIP2 has been identified 
in perciforms, cyprinids and salmonids fish (Jang et al., 2016; Liu et al., 2018; Stein et al., 
2007; Xie and Belosevic, 2015). Teleost RIP2 gene expression has been demonstrated to 
be responsive to PAMPs, live and dead taxonomically different bacteria (Liu et al., 2018; 
Xie and Belosevic, 2015). Further, different studies in fish have shown that RIP2 activate 
the NF-  signaling pathway and regulated the production of pro-inflammatory cytokines 




Cytokines are signaling molecules secreted by cells in the immune system and they 
regulate immunity, inflammation and hematopoiesis.  Cytokines and their receptors have 
an extremely high affinity for each other – even picomolar concentrations of cytokines can 
have a biological effect. The cytokines can have either an autocrine effect by binding to a 
receptor of the same cell that secreted it, a paracrine effect by binding to receptors on a 
target cell in close proximity to the producer cell, or an endocrine effect binding to distant 
target cells in different organs. Their biological effect is often described with a controlled 
vocabulary: pleiotropic – one cytokine with many functions, redundant – several different 
cytokines can mediate the same or similar functions, synergistic – two cytokines with a 
combined effect bigger than the additive effect by them self and antagonistic – the effect 
of one cytokine offset or inhibits the effect of another cytokine.  
Several classification systems for cytokines exist, as for many other immune molecules. 
Here I classify them based on structure, since receptor-recognition is primarily dependent 
on the structure of the ligands. This discussion is further restricted to cytokines with pro-
inflammatory properties upon bacterial exposure.  
-trefoil, B-jellyroll, cysteine-
(Zou and 
Secombes, 2016). Although, orthologs to several mammalian cytokines are not yet 
successfully identified in fish, many cytokines have been duplicated in teleosts and a 
plethora of cytokine paralogs exist – yielding a complexity of the teleost cytokine system, 
at least, on par with that of its mammalian counterpart. Despite descriptions of many 
different cytokines, the studies are limited to a selected number of species, usually 
commercially farmed species. Moreover, protein expression and functional studies are 
rarely the basis of the descriptions. Most descriptions are based on transcript expression 





-trefoil cytokines include 11 members – interleukin (IL) 1 family 
1-11 (IL-1F1-11) (Sims et al., 2001). Of these, only IL-1F2 (IL- ) and IL-1F4 (IL-18) have 
been described in teleosts. Extensive genomic analysis supports the claim that teleosts do 
-trefoil orthologues (Zou and Secombes, 2016) -trefoil 
cytokines, named novel IL 1 Family member (nIL-1F) and IL 1 Family member 2 (IL-1Fm2), 
-trefoil family to four members 
(Angosto et al., 2014; Wang et al., 2009, Taechavasonyoo et al., 2013). Originally, Wang 
et al., (2009) characterized the nIL-1F gene to be a teleost specific gene, however in paper 
III, we identify three non-teleost specific nIL-1F genes belonging to members of 
Sarcopterygii, Chondrichthyes and Holostei. Therefore, we postulate that nIL-1F is an 
ancient gene (at least 430 million years ago (mya)) that is lost in the tetrapod lineage. 
Interestingly the nIL-1F otomorph clade is evolutionary more distant than the formerly 
mentioned members, indicating a drastically different evolutionary fate for otomorph nIL-
1F than the typical fish nIL-1F gene. In the literature, identification of the IL-1Fm2 gene 
has only occurred in the order of Perciformes (Angosto et al., 2014). This is in line with our 
results from the phylogenetic analysis in paper III, although IL-1Fm2 sequences were also 
found in Synbranchiformes and Anabantiformes (paper III), suggesting that IL-1Fm2 is 
present in the whole Neoteleostei clade. 
-trefoil cytokines bind to the IL-1 receptors (IL-1R1-10, see Borachi et al., 2018), all 
sharing a similar secondary structure: one to three immunoglobulin domains, the 
membrane bound receptors contain a transmembrane domain and a TIR. Many receptors 
also contain a signal peptide. So far, no soluble IL-1 receptor has been identified in teleosts 
(Zou and Secombes, 2016). Conceptually, the ligand binding activity of IL-1Rs can have 
three different fates: i) pro-inflammatory – phenotypic change of the cell enabling or 
increasing an inflammatory reaction, ii) anti-inflammatory – phenotypic change of the cell 
disabling or decreasing an inflammatory reaction, or iii) no effect– no signal is transduced, 
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thereby reducing the effective concentration of the cytokine, any phenotypic change 
induced by the cytokine is reduced. In the latter fate the receptor is often referred to as a 
decoy receptor.  All IL-1Rs heterodimerize prior to interaction with their ligands (see Fig. 
5). Following ligand binding, the intracellular TIR domains interact with adaptor proteins 
such as MYD88 or Toll interacting protein, resulting in phosphorylation of the IL-1R 
associated kinases (IRAKs). In turn, they interact with the TNF receptor associated factor 
(TRAF) 6, thereby activating NF- B, which is a potent transcription factor of pro-
inflammatory genes (Fig .4). Most of these molecules are identified in teleosts except for 
TICAM 2 (also known as TRAM), IRAK2, and thus far, TRAF 1 is only described in zebrafish. 
As shown in paper I and III, most components involved in signaling were conserved in 
lumpfish (Eggestøl et al., 2019; Eggestøl et al., 2018).  







one of the main pro-inflammatory cytokines. In teleosts, IL-  
macrophages and acidophilic granulocytes (Angosto et al., 2012; Chaves-Pozo et al., 
2004). In mammals, a wider range of cells have been proven to produce IL-  
monocytes, macrophages, dendritic cells, B-cells and NK-cells (Veerdonk and Netea, 
2013). It is known that other cells are also capable of secreting IL-  as endothelial 
cells and fibroblasts, the latter being confirmed in the perciform gilthead seabream 
(Murphy and Weaver, 2012; Pelegrin et al., 2004). Recombinant IL-
administered to fish in order to study the local and transient effects of it (reviewed in 
Secombes et al., (2016)). The role as a chemoattractant was confirmed by an experiment 
in head kidney leukocytes, where the cells migrated in the direction of a recombinant IL-
(Peddie et al., 2001). Intraperitoneal administration in trout has shown to 
increase phagocyte migration into the peritoneal cavity, as well as their phagocytic and 
lysozyme activity (Hong et al., 2003). Intestinal administration induced severe gut 
inflammation and TNF- (Bo et al., 2015). Further observation of 
local effects of IL- Taechavasonyoo et al., (2013) – they observed 
elevated levels of TNF- -  gene expression in Japanese flounder muscle tissue 
after injection with an IL- - -
17 family members in several studies, and it has shown to be important for antibacterial 
defense (Kono et al., 2011; Wang et al., 2015b; Wang et al., 2010; Wang et al., 2014). In 
paper I, we also observed a potent co-expression of IL-17 and IL- (Eggestøl et al., 2018). 
Moreover, teleost IL-
and it has been suggested that it could be used in a vaccine adjuvant (Taechavasonyoo et 
al., 2013; Yin and Kwang, 2000).  
The mechanism of IL- secretion in teleosts has been a topic of debate for nearly two 
decades. In mammals, IL- s 
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to be proteolytic cleaved, mainly by caspase 1 to generate the active form (Thornberry et 
al., 1992).  Caspases are known to be highly specific proteases, and caspase 1 requires the  
conserved amino acid sequence [F, W, Y or L], X, [H, A or T], D to successfully cleave 
(Earnshaw et al., 1999). However, studies have shown that several peptides with this 
tetramer are not cleaved by caspase 1, indicating that the tertiary structure the substrate 
is also important (Thornberry and Lazebnik, 1998). However, later works note that caspase 
1 is a “promiscuous enzyme” with over 120 substrates and is far from an IL-1 specific 
peptidase (Denes et al., 2012). Conversion of an inactive pro-IL-
fish is still debated as teleost IL-
mammals, elastase and cathepsin G are also able to process IL-  
In common carp, it was shown, using an IL-
phytohemagglutinin (PHA) activated leukocytes secreted a shortened 15 kDa IL-
compared to the theoretical non-cleaved IL- (Mathew et al., 2002). A shortened 
24 kDa IL- was also secreted in the culture medium of the rainbow trout 
monocyte/macrophage RTS11 cell line (Hong et al., 2004). In zebrafish primary leukocytes, 
two different mature IL-
caspases, A and B, upon infection by Francisella noatunensis (Vojtech et al., 2012), thus, it 
has been suggested that cleavage at different sites is possibly dependent on the 
immunological microenvironment (Zou and Secombes, 2016). Further, in seabass IL-
has shown to be cut by a recombinant caspase 1, directly demonstrating teleost IL-
processing by caspase 1 (Reis et al., 2012). However, the cut site was located within the 
-sheet of the mature peptide thereby questioning whether the tertiary structure of 





Interleukin 18 (IL-18) 
Initially IL-18 was found to induce IFN
vertebrates but is known to also be involved in regulating inflammation in mucosal tissues 
(Dinarello, 1999; Okamura et al., 1998). Analogues to IL- -18 is also synthesized as a 
pro-peptide and require proteolytic cleavage by caspase 1 post PAMP or DAMP 
stimulation, to become biological active. The analogy between IL- -18 also regards 
their receptors, as IL-18 binds to heterodimeric receptor consisting of IL-18R1 and 2 (Fig. 
5),  and a soluble protein, termed IL-18 binding protein (IL-18BP), is able block this binding 
(Zou and Secombes, 2016) similarly as IL-1Ra for IL-  
Description of IL-18 in Teleostei is still in its infancy, and IL-18 has only been reported from 
a limited number of species: rainbow trout, turbot, seabream, pufferfish and lumpfish 
(Huising et al., 2004; Pereiro et al., 2012; Perez-Cordon et al., 2014; Zou et al., 2004; paper 
III).  In rainbow trout, it was demonstrated a constitutive expression of IL-18 throughout 
all tested tissues. Also, in HKLs and RTS-11 cells expression of IL-18 was shown not to be 
regulated by LPS, poly (I:C) nor recombinant IL- -cells – a fibroblast-
like cell line – expression was downregulated by LPS and recombinant IL-
rainbow trout was also demonstrated to express an alternatively spliced IL-18. It 
contained a 17 amino acid deletion in the precursor region and expressed constitutively 
at a much lower level than the authentic form. However, the alternatively spliced variant 
expression was upregulated by LPS and poly (I:C), suggesting that IL-18 may also be 
dependent on proteolytic cleavage for mediating a biologically active cytokine (Zou et al., 
2004). It should be noted that these claims were not supported by statistical inference.  
Other IL-1 members within teleosts: nIL-1F & IL-1Fm2 
In addition to IL- -18, two other IL-1 members have been identified within 
Teleostei – nIL1F (also coined nIL-1Fm by Zou and Secombes (2016)) and IL1Fm2. These 
52 
fish specific members of the IL-1 family were first described by Wang et al., (2009) and 
Angosto et al., (2014), respectively.  
Constitutive expression of nIL-1F, with high levels in immune organs, has been reported 
from both grass carp and rainbow trout (Wang et al., 2009; Yao et al., 2015). A caspase 
cut site has been identified in nIL-1F together with thrombin cut sites in grass carp, 
pufferfish, zebrafish, rainbow trout (Wang et al., 2009; Yao et al., 2015) and lumpfish 
(paper III). It has been suggested that nIL1F is an IL-1 receptor antagonist, like IL-1Ra 
(Wang et al., 2009). A study in grass carp confirmed that nIL-1F has antagonistic effect 
(Yao et al., 2015). Yao et al., (2015) showed that recombinant nIL-1F1 has a high affinity 
for IL-1R1 and that nIL-1F1 inhibits the binding of IL-  IL1-R1 at the lowest tested 
amount. In the same work, nIL-1F1 was identified in pufferfish and zebrafish. Further, an 
evolutionary hypothesis was postulated regarding the ancestral origins of nIL-1F1 and its 
functional homolog in mammals, IL-1Ra: nIL1-F1 and IL1-Ra are not orthologous due to 
low sequence similarity (Ogryzko et al., 2014; Wang et al., 2009; Yao et al., 2015). This was 
supported by low amino acid homology.  
IL-1Fm2 has been reported to be constitutively expressed in seabream with the highest 
registered levels in thymus, liver, gill, brain and gut (Angosto et al., 2014). Under bacterial 
infection, the level of IL-1Fm2 increased in several organs, particularly in head kidney, 
spleen, blood and peritoneal exudate. PAMP stimulation of seabream macrophages and 
acidophilic granulocytes caused a weak to moderate induction of IL-1Fm2 expression 
(maximum 12-fold) (Angosto et al., 2014). This contrasts the measurement of IL-
transcripts in the same samples, where extreme induction was observed (Sepulcre et al., 
2007). The same pattern was observed in lumpfish leukocytes upon stimulation with 
various PAMPs (paper III). In seabream, recombinant IL-1Fm2 synergistically induced the 
expression of IL- - -8 and IL-10 when combined with different PAMPs, 




in lumpfish IL-1Fm2 (paper III). Although IL-1Fm2 in sea bass was processed prior to its 
release from macrophages, pan-caspases or caspase 1 inhibitors did not affect this 
(Angosto et al., 2014).  
-Jellyroll cytokines 
The jellyroll cytokine family, also referred to as the tumor necrosis factor superfamily 
(TNFSF), is a large family that encompasses 19 ligands and 29 receptors in humans 
(Aggarwal, 2003). The three major mammalian members are; TNF- –
(previously referred to as TNF- - terygian 
specific members, while teleosts possess TNF- -
TNF-N. To this date TNF-N has only been identified in teleosts, however based on 
sequence similarity it is inferred to predate Actinopterygii and Sarcopterygii (approx. 420 
mya) (Fig. 6) indicating its presence in non-teleost fish. The TNF gene is an extremely old 
gene predating Deuterostomia (approx. 550 mya), as TNF and its related genes have been 
identified in mollusks, planarians and arthropods (Hu et al., 2019; Li et al., 2017a; Qu et 
al., 2017). Vertebrate TNF-  we 
count eight paralogs (including TNF- he lymphotoxins). 
It is known from mammals that most TNF-ligands show a typical homotrimeric structure 
and exert their bioactivities as regulators of the immune system. TNF-
TNF) is a major activator of the pro-inflammatory responses. It is expressed as a 
membrane bound ligand, and upon cleavage by ADAM17 (also known as TACE), it is 
separated from its transmembrane domain, and is thereby secreted as a soluble ligand 
(Baeyens et al., 1999). Both secreted and membrane bound TNF- -
receptors, TNFR1 and TNFR2. The TNFR1 is expressed in virtually all tissues, while TNFR2 
is chiefly expressed by immune, endothelial and neuronal cells. Both receptors activate 
intracellular signaling pathways, although with different terminal outcomes. TNFR1 
mediates anti-apoptotic, apoptotic and other death-inducing signals, while TNFR2 
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mediates mainly cell proliferation and anti-apoptotic signals (Neumann et al., 2013). In 
teleosts TNF- d in a range of fish (Table 3).  
Figure 6. Evolution of vertebrate TNF-  gene, displaying paralogues branching in fishes. This figure is 
based upon a PhyloWiew search in Genomicus with ENSLBEG00000012547 (TNF-  in ballan wrasse) as 
reference gene. The endpoint in this overview is the earliest common clade from the last gene duplication 
event, i.e. lumpfish TNF-  is represented by Eutelostomorpha and human TNF-





generalize as there is no established teleost nomenclature encompassing all the paralogs.  
Kadowaki et al., (2009) made the distinction between type I and II TNF-
tuna, sharing only 43% amino acid similarity. Type I phylogenetically placed itself within 
the perciform TNF- e clade. In blue fin tuna, 
type I TNF- , but not type II, was not able to respond on a selection of PAMPs (Kadowaki 
et al., 2009). Both TNF-  were able to increase the phagocytic activity of PBLs as 
recombinant proteins. Type I TNF-
examined tissues, while type II TNF-
blood. Such differences between type I and II has also been made in Atlantic blue fin tuna 
and rainbow trout (Hong et al., 2013; Lepen Pleic et al., 2014). The characterized type II 
TNF- paralog is represented in Figure 6 as Osteoglossocephalai TNF-a3. However, 
confusingly, Hong et al., (2013) also identified a third paralog, which they named TNF-
while the previously coined type II TNF- -
trout. The TNF- - e and is represented in Figure 6 as 
salmoniform TNF- 6.  
Hong et al., (2013) reported a similar tissue-distribution as Kadowaki et al., (2009): type I 
TNF- -  TNF-
highly expressed in immune related organs. The reader should note that these trends 
were not supported by statistical inference.  Further Hong et al., (2013) reported that all 
paralogs were highly responsive to PAMP and DAMP signals and that they displayed 
differing kinetics in head kidney cells stimulated with PHA – TNF-
response, TNF- -  (type II) early highly 
potent response. Interestingly, Hong et al., (2013) showed that type II TNF-
truncated transmembrane stalk, possibly leading to a spatially unavailable TACE site. It 




the transmembrane-bound functions, while type I TNF-
for the functions mediated by soluble TNF- Interestingly, in paper II we revealed that all 
TNF- Ostariophysi are exclusively type II TNF-
Ostariophysian species may have an impaired or an alternative excretion mechanism. 
Conversely if the excretion mechanism is impaired, the zebrafish TNF- might 
be reinterpreted and the use of zebrafish as a model for mammalian immunological, 
cancer and necrosis/apoptosis phenomena might be re-evaluated.  
Recombinant teleost TNF- -inflammatory properties in several 
independent studies, causing upregulation of IL-
IL-8, IL-17C and COX-2 genes in rainbow trout, elevated phagocytic activity in rock bream 
HKLs (Kim et al., 2009; Li and Zhang, 2016; Zhang et al., 2012; Zou et al., 2003a). Further 
evidence of enhanced phagocytic activity of teleost TNF- Garcia-
Castillo et al., (2002), Zou et al., (2003a) and Grayfer et al., (2008). In zebrafish, excess of 
TNF- increased the microbicidal activity of macrophages through increased production 
of reactive oxygen species, upon infection with Mycobacterium, demonstrating an 
immune stimulatory effect. However, prolonged excess on TNF-
the macrophages (Roca and Ramakrishnan, 2013), indicating that tight regulation of TNF-
is crucial. In common carp, TNF-
supernatant promoted respiratory burst (Forlenza et al., 2009). In addition, the same 
supernatant promoted leukocyte migration. The link between TNF- kocyte 
migration has also been unveiled in rainbow trout macrophages and seabass granulocytes 
(Garcia-Castillo et al., 2002; Zou et al., 2003a). Furthermore, it has been reported in ayu-
fish that blocking of TACE-activity is linked to reduced respiratory burst (Lu et al., 2015) 
The teleost TNF-N gene share homology with the mammalian CD30L and Glucocorticoid-
induced TNA receptor-related protein ligand (GITRL), both genes being primarily related 
to lymphocytes (Glenney and Wiens, 2007). In rainbow trout two TNF-N paralogs, termed 
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LT- paralog was highly expressed in 
unstimulated HKLs, while the latter was only expressed in gill. Neither were expressed in 
macrophage (RTS-11) or fibroblast (RTG-2) cell lines. In HKLs expression of both paralogs 
increased by stimulation with PHA or LPS (Kono et al., 2006). These data are concurrent 
with the notion of TNF-N being primarily a lymphocyte-expressed gene. However, in 
zebrafish HKLs, TNF-N is only weakly induced by LPS in HKLs (Kinoshita et al., 2014). The 
normal tissue expression of TNF-N in zebrafish are disputed:  Kinoshita et al., (2014) 
reported primarily expression in intestine, liver and gill, while Savan et al., (2005) reported 
only TNF-N expression in head kidney. In fugu TNF-N has been reported to be 
constitutively expressed in normal tissues (Savan et al., 2005). Description of other teleost 
TNFSF members has been reviewed in Biswas et al., (2015) and Glenney and Wiens (2007). 
Cysteine knot cytokines 
The overall structure of the cysteine knot cytokines can be described as a disulfide rich, 
all-beta core domain secondary structure. Particularly, of immunological importance, are 
members of the IL-17 family and transforming growth factor (TGF)- . The cysteine knot 
structure is conserved through evolution as it is also found in invertebrates, and is an 
ancient family that predates Deuterostomia (approx. 550 mya) (Parthier et al., 2014). In 
mammals, cysteine knot cytokines are small, less than 200 amino acids, and are 
biologically active as covalently linked homodimers, having a molecular weight of about 
40 kilo Dalton (kDa), except for IL17B which are a non-covalently linked homodimer 
(Meager and Wadhwa, 2013). Two clear mammalian homologs are found in teleosts, IL-
17B and D. Furthermore, the isoforms IL17A/F1-3, IL-17N and IL-17C have been identified 
in teleosts (reviewed in Kono et al., 2011 and Secombes et al., 2016 and later works 
include: Costa et al., 2012; Ding et al., 2016; Du et al., 2015; Wang et al., 2015b; Wang et 
al., 2014; Yang et al., 2016). Although these cytokines have pro-inflammatory potential, 
the responses they elicit are not comparable in potency to that of TNF- -




possess some immunosuppressive functions in addition to drive the Th17 differentiation 
in fish (Zou and Secombes, 2016). As neither the IL-17 nor TGF cytokine family 
encompasses major pro-inflammatory cytokines, further description of them is beyond 
the scope of this thesis. 
 
Most ILs ILs 
are divided into the; IL-2 subfamily, IL-6 subfamily and IL-12 subfamily. They signal via the 
type I cytokine receptor family. Of the IL-2 subfamily all molecules except IL-9 have been 
identified in fish, which include: IL-2, IL-4, IL-7, IL-15, and IL-21. All of them are implicated 
in T-cell memory or the molecules secreted by Th subsets upon stimulation (Secombes et 
al., 2011; Zou and Secombes, 2016). 
The IL-6 subfamily in teleosts contains four members; IL-6, IL-11, CNTF (Ciliary 
neurotrophic factor) like and M17 (Fujiki et al., 2003; Huising et al., 2005; Wang and 
Secombes, 2009). The mammalian IL-6 subfamily member IL-31 is to date not identified in 
teleosts. Phylogenetic analysis suggests that the CNTF-like genes are orthologues to the 
LCA of CNTF/CLC (Charcot-Leyden crystals)/CT (cardiotropin) 1 & -2 genes in mammals 
and the M17 genes are orthologues to the LCA of LIF (leukemia inhibitory factor) and OSM 
(oncostatin M) genes in mammals (Wang and Secombes, 2009). Paralogs of teleost IL-6 
subfamily members have been reported for IL-11 (Huising et al., 2005; Santos et al., 2008). 
There are no studies of teleost recombinant IL-11 or CNTF-like to date (Zou and Secombes, 
2016). However, gene expression analysis suggests IL-11 are involved in responses against 
pathogenic virus, bacteria and parasite. CNTF-like expression is only weakly reduced by 
LPS and poly(I:C) and the pro-inflammatory cytokine IL- (Wang and Secombes, 2009; 
Wu et al., 2019). Furthermore, CNTF-like gene expression was weakly induced by Yersinia 
ruckeri in vitro in rainbow trout, however, the non-pathogen dependent effect of the trial 
was much larger than the pathogen dependent effect (Wang and Secombes, 2009).   
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Initially, IL-6 was shown to be critical to the activation and proliferation of T- and B-cells. 
Further, it was demonstrated that IL-6 was critical to acute phase immune responses and 
it was produced by monocytes and macrophages after LPS activation through TLRs. Other 
mammalian cells that also produce IL-6 include fibroblasts, keratinocytes and endothelial 
cells after stimulation with IL-1 molecules (Tanaka et al., 2014). Mammalian IL-6 are also 
known to increase its plasma concentration by a factor of 1 million, comparing normal 
with septic individuals. These extremes are associated with high mortality (Jordan et al., 
2018).  
The involvement of teleost IL-6 in antibody production has been reported from several 
species such as orange spotted grouper, Nile tilapia and Japanese pufferfish (Chen et al., 
2012; Kaneda et al., 2012; Wei et al., 2018). Several studies have also reported the 
upregulation of IL-6 gene expression after bacterial exposure; Streptococcus agalactiae in 
in vitro Nile tilapia, Edwardsiella tarda in in vivo olive founder and V. anguillarum in in vivo 
study of gilthead seabream (Castellana et al., 2008; Nam et al., 2007; Wei et al., 2018). 
Further, IL-6 gene expression is affected by exposure to several PAMPs in teleosts; LPS, 
bacterial DNA, PGN, imiquimod and poly (I:C) (Bird et al., 2005; Castellana et al., 2008; 
Chen et al., 2012; Varela et al., 2012; Wei et al., 2018; Øvergard et al., 2012). Rainbow 
trout IL-6 gene expression is also induced by IL- (Costa et al., 2011). Recombinant 
rainbow trout IL-6 displayed typical features of mammalian IL-6, such as rapid induction 
of Signal transducer and activator of transcription 3 (STAT3) phosphorylation and 
expression of suppressor of cytokine signaling (SOCS) 1 to -3, cytokine-inducible SH2-
containing protein (CISH) and interferon regulatory factor 1 (IRF-1). Interestingly, 
recombinant rainbow trout IL-6 displayed novel features not seen previously for IL-6: IL-6 
produced during inflammation may promote macrophage proliferation locally, IL-6 
induced the expression of an antimicrobial peptide (cathelicidin-2). Furthermore, IL-6 
reduced the expression of IL- - ion of inflammation, 




is an antimicrobial peptide that regulates iron homeostasis and is only expressed in 
hepatocytes in mammals (Lou et al., 2005; Nemeth et al., 2004). 
Teleost diversity 
As the previous sections have showed, there are considerable variations in the 
components and mechanisms of the teleost immune system. Some immune genes, such 
as TNF-
of life will make it less convoluted. Further, knowledge of their evolutionary histories are 
essential to understand their function. Also, phylogenetic analyses are important parts of 
the description of the molecules in this thesis. Therefore, a short section on the teleost 
diversity has been included. 
Teleostei are a highly diverse group of animals containing approximately 50 % the diversity 
within Vertebrata. Teleostei, also known as true bone fish, are separated at the base from 
the living clades Sarcopterygii and Chondrichthyes and the fossil clade Placodermi. 
Teleosts occupy a great variety of different aquatic environments worldwide, from deep 
ocean trenches to high mountain streams, and many thrive in extreme habitats; subzero, 
hypersaline, hypoxic and acidic conditions (Helfman et al., 2009). Knowledge of their 
phylogeny has significantly advanced the last years, mainly due to the advent of novel 
comprehensive molecular methods applied to teleosts in conjuncture with ever increasing 
databases and –mining techniques that have enabled researchers to study multi-locus 
evolution. Although the molecular phylogeny encompasses more and more loci and 
species, the genome-scale studies are associated with some major challenges and a crisp-
clear phylogeny is not yet resolved.  In particular, the challenges of paralogy and a lack of 
high-quality genomes and transcriptomes relative to the number of species is problematic 
in teleost phylogeny. The particular areas of contention involve the branching order at the 
base of teleosts, the relationship among the otophysan orders, the sister group to the 
neoteleosts, the sister group to the acanthopterygians and the relationship among 
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atherinomorph orders. Although these contentions remain enigmas, most of the 
evolutionary backbone is known in teleost. See Figure 7 for the contemporary consensus 
of teleost phylogeny. Lumpfish is placed within the order Perciformes and the family 
Cyclopteridae (Betancur et al., 2013; Hughes et al., 2018).  
The challenge of paralogy is the difficulty of inferring phylogenetic descendants based on 
sequence similarity, when the gene of interest has been duplicated. The assumption 
allowing phylogenetic inference based on sequence similarity, is that closely related 
species have sequences that are highly similar, while the sequences of species that are 
distantly related are proportionally less similar. This is often a good approach, but it has 
some fundamental challenges, e.g. with paralogy. When a gene is duplicated its daughter 
genes, the paralogs, can meet three different fates. I, one of them is retained while the 
other is removed from the DNA – called non-functionalization- II, both paralogs are 
retained and the functions of the orthologue are split between the two paralogs – called 
sub-functionalization - and III, both paralogs are retained, one of them retains the original 
functions while the other adapts new functions – called neo-functionalization. Despite the 
final fate of the paralogs, if both paralogs exist and they have similar functions, they will 
experience an increased mutation rate. This is because when one paralog get a deleterious 
mutation the other paralog will still produce a functional gene product and the fitness of 
the individual containing the deleterious mutation may not be affected. However, over 
time, one of three fates will manifest itself and the period of increased mutation rate will 
come to a halt. This increased mutation rate period causes the relation between specie 
and sequence relatedness to become non-linear and the interpretation is therefore much 
more difficult or impossible. Moreover, if genes meet fate II or III, at least one of the 
paralogs will get new set of exclusion rules, causing a change in rate of  
Figure 7 (next page). Fossil calibrated phylogeny of 300 actinopterygians (blue and red) and three 
sarcopterygians (green) with divergence date estimates. The percomorph radiation is highlighted in 







accumulated mutations, possibly enhancing the non-linearity. Therefore, Hughes et al., 
(2018) avoided using paralogues genes in their phylogeny. 
Paralogous genes are found throughout the domains of life; however, a couple of clades 
are more exposed to the effects of paralogy due to whole genome duplication (WGD) 
events, also known as polyploidization. The plant kingdom is the most renowned clade of 
WGD, where the upper estimates of polyploidy in the flowering plants (Angiosperms) are 
30-35% and the lower estimates are 2-4% (Otto and Whitton, 2000; Stebbins, 1971), and
all are paleopolyploid. Mammals seem to be very intolerant of WGD. Polyploidy occurs in
2-3% of all human pregnancies, but almost every case result in either miscarriages or
death short time after delivery. The oldest human with a recorded case of complete WGD
(92 chromosomes) survived until the age of 27 weeks (Arvidsson et al., 1986). Despite
WGD are deleterious for mammals, it has been speculated to be fundamental for the
success of vertebrates. First postulated by Ohno (1970), the 2R hypothesis (coined by
Holland et al., (1994)) states that the vertebrate genome is composed by two rounds of
WGD, thus modern vertebrate genomes reflect the state of paleopolyploid. This
hypothesis was hotly debated in the late 90’s, and with the advent of modern sequencing
technologies and increase in computational power, it gained popularity. Kasahara (2007)
concluded that the 2R hypothesis is true, however, some of the cited works within these
studies have lost some of the relevance to the conclusion. This regard the HOX genes
(Abbasi, 2015). Even though the literature is not fully conclusive on the topic of vertebrate 
WGD, it is conclusive regarding the palaeopolyploidization of teleosts.
Basally, the teleosts experienced a WGD, termed the teleost specific (TS) WGD. Three lines 
of inquiry support this claim: I – high number of HOX genes, II - molecular clock analyses, 
estimating the TS-WGD to 350 - 320 mya and III - whole genome sequence analyses, 
reviewed in Glasauer and Neuhauss (2014). Further, WGD events have shaped the path of 




Neuhauss, 2014). The Salmonidae experienced a WGD event approximately 50 - 80 mya 
(Alexandrou et al., 2013; Johnson et al., 1987), and the LCA of the common carp and 
goldfish approximately 5.6 -11.3 mya (Wang et al., 2012; Zhang et al., 2013c). Additionally, 
some loaches (Cobitidae) and suckers (Catostomidae) also experienced WGD events 
(Ferris and Whitt, 1977; Uyeno and Smith, 1972). With more whole genome sequencing 
of teleosts, it is expected that more WGD events will be unveiled. 
  
66 
Aims of the study 
The aims of this study were to investigate early immune responses in lumpfish 
(Cyclopterus lumpus) upon bacterial exposure and characterize the major pro-
inflammatory cytokines. The objectives were as follows: 
 Establish a lumpfish sequence database and protocols for handling the big data set 
 Investigate innate immune responses in lumpfish  
o Global transcriptome analysis of early immune responses in lumpfish
leukocytes upon exposure to V. anguillarum O1
o In-depth mapping of major responding immune system pathways
 Identify and characterize IL-1 family members, IL-6 and TNF-  
o Molecular characterization of gene, cDNA and peptide sequences
o Study the phylogeny of the cytokines
o Establish qPCR assay for the cytokines
o Measure transcript levels of the cytokines in normal tissues and
leukocytes by qPCR




Major findings in paper I, II and III 
 The lumpfish transcriptome consisted of 346430 transcripts (paper I). 
 In the lumpfish transcriptome 2490 genes belonged to immune system processes. 
Of them 956 genes were innate immune response genes (paper I).  
 Quality assessment of DEG-analysis of lumpfish HKL after exposure to V. 
anguillarum was determined by principal component analysis (PCA) and clustered 
heatmap. The DEG consisted of 34280 genes, of which approximately 28% of the 
genes at 6 hours post exposure (hpe) and 45% of the genes at 24 hpe were 
significantly regulated (adjusted p-value < 0.05) and most of the variance was due 
to the experimental variables time and V. anguillarum exposure (paper I). 
 Among the most regulated lumpfish genes after exposure to V. anguillarum  were 
genes controlling pro-inflammatory processes; e.g. cytokines, TLR5S and 
complement factors (paper I).  
 In addition to TLR5S, 12 TLRs, adaptor molecules and key molecules in the NF- B 
and MAPK signaling pathways were identified (paper I and III). 
 The lumpfish IL-1 family members; IL-1 , IL-18, nIL-1F and IL-1Fm2, and its 
receptors; IL-1R1, IL-1R2, IL-1R3, IL-1R4, IL-R5 and IL-1R9 were identified. The 
lumpfish IL-1 family shared the characteristics of other species within Perciformes, 
except that IL-1Fm2 in lumpfish lacks major parts of the N-terminal peptide 
sequence. The phylogenetic analysis placed the lumpfish genes within their 
respective clades and unveiled that IL-1Fm2 is most closely related to the IL-1 3 
clade (paper I and III).  
 Lumpfish TNF-  were identified and molecularly characterized. The gene contained 
four exons, the TNF signature sequence and the expected protein structure. The 
phylogenetic analysis placed lumpfish TNF-  within its expected clade, further, it 
demonstrated for the first time the lack of the typical TACE cut site in all TNF-  
sequences within Ostariophysi (paper I and II).  
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 The lumpfish IL-6 gene sequence had a similar structure to other IL-6 genes. 
However, two isoforms were identified; one typical (IL-6 i1) and one alternatively 
retaining an intron (IL-6 i2). The latter contained a signal peptide first revealed after 
proteolytic cleavage, possibly performed by caspase 1. The phylogenetic analysis 
placed lumpfish IL-6 within their expected clades, further, it demonstrated for the 
first time the presence of a salmonid IL-6 gene duplication (paper I and II).  
 The gene expression of the IL-1 family, IL-6 and TNF-  were characterized. 
Throughout 16 tissues, HKLs and PBLs all the examined genes were constitutively 
expressed. IL-1  and IL-1Fm2 were significantly lower expressed than nIL-1F and IL-
18. The highest level of TNF-  and IL-6 transcripts were measured in immune
organs, followed by surface tissues and lowest in other organs, except IL-6 in eye
and brain where the highest levels of IL-6 were measured (paper II and III).
 Upon stimulation of IL-1 family, IL-6 and TNF-
pam3csk4, FSL-1, poly (I:C), CpG, GpC and ssPoly(U), IL- -1F, IL-6 and TNF-  
were similarly differentially expressed, highly by flagellin and moderately by poly 
(I:C) and CpG, and to a limited extent by Pam3CSK3. The examined PAMPs did not 





In the present thesis, an explorative study of early innate immune responses in lumpfish 
leukocytes upon exposure to V. anguillarum has been performed using global 
transcriptome analyses, unveiling the underlying mechanisms of transduction of infective 
signals. Furthermore, the major pro-inflammatory cytokines of lumpfish have been 
characterized. The first phase of this study was a global characterization of the early anti-
bacterial responses of lumpfish HKLs. The second phase of this study was continuing the 
notion of early immune responses of lumpfish HKLs, focusing in detail on the major pro-
inflammatory cytokines. The pro-inflammatory cytokines have been instrumental to the 
development of a wide range of fish health disciplines; infection medicine, immunology 
and physiology. All these disciplines will be important for the continued improvement of 
the lumpfish fish health biology. 
The sequenced lumpfish transcriptome consisted of 516 million reads, which is considered 
deep sequencing. In the context of RNA sequencing of bacteria exposed teleosts to date 
Jiang et al., (2016) are the only authors surpassing this depth (Sudhagar et al., 2018). In 
addition to containing information about the major gene activities, a deep transcriptome 
encompasses information regarding low expressing genes. 
The assembled lumpfish transcriptome consisted of 346430 transcripts among 221659 
trinity-genes. This gene number is far higher than expected considering its genome 
consists of 50 chromosomes (Li and Clyburne, 1977). This is the same number of 
chromosomes possessed by zebrafish, and the number of protein-encoding genes in 
zebrafish is about 26000 (Collins et al., 2012). Assuming the same genomic properties of 
lumpfish as with zebrafish, the number of assembled genes was approximately 8.5 times 
higher than expected. This was an intended consequence since a more relaxed collapsing 
algorithm would keep more low coverage genes in the assembled transcriptome. The 
extremely high number of genes in the transcriptome can therefore be a technical artifact. 
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It may also represent splicing variants. Independent of the cause, the number of genes is 
inflated and does not refer to the true biology. In general, when assessing number of 
genes in a de novo transcriptome, one should read them in relative and not absolute 
terms.  
The assembled transcriptome was functionally annotated through a BLAST (basic local 
alignment search tool) based algorithm, utilizing manually curated mammalian biased 
databases such as e.g. SWISS-PROT and UNIPROT. Fish specific and novel genes are 
routinely ignored in such databases, however, the quality of the annotated genes is 
generally high. In the lumpfish transcriptome, the functional annotation consisted of 
37895 gene ontology (GO) enriched genes. Within “biological process” the distribution of 
prevalent level 2 terms was as expected, except for metabolic process that was higher. As 
we a priori were interested in the immune system, we focused on the GO level 2 term 
‘immune system process’. It contained 2490 enriched genes, and the most abundant 
daughter-term ‘immune response’ containing 1354 genes. Within this level 3 GO term, the 
level 4 GO term ‘innate immune response’ was most abundant and included 956 genes.  
The global DEG analysis revealed major differences across both tested variables – V. 
anguillarum exposure and time, as seen in both the PCA plot and the hierarchical 
clustering. As expected, the HKLs mounted a more extensive and potent response at 24 
hpe compared to 6 hpe to V. anguillarum. The number of statically significant DEG 
increased from 9033 to 15225 genes over the time course in this study. In relative terms, 
DEG increased from 28% at 6 hpe to 45% at 24 hpe. Interestingly, only 16% of the DEGs 
(5389) were significantly regulated at both time points; perhaps reflecting important 
nuances in the early responses in lumpfish HKLs exposed to V. anguillarum, or time-
dependent confounding variables, such as the HKLs adapting to the primary culture 
environment. Although such confounding variables contributed to the observed variance, 




revealed that upregulated genes at 6 hpe over-represented the GO-terms response to 
lipopolysaccharide, inflammatory response and regulation of intracellular signal. And, at 
24 hpe the most over-represented GO terms included response to stimulus, defense 
response, response to stress, positive regulation of immune system processes and 
regulation of intracellular signal transduction. The GO enriched DEGs clearly showed 
involvement of the immune system through diverse mechanisms. Interestingly, GO terms 
related to IL-4 were over-represented at both 6 and 24 hpe. 
Among the KEGG-pathways involved in detection of pathogens, the complement cascade 
and TLR pathway were the most upregulated in the V. anguillarum exposed HKLs. This is 
in congruence with other transcriptomic works on percomorph fish injected with V. 
anguillarum (Zhang et al., 2015; Zhao et al., 2016). However, a transcriptomic work in 
turbot studying the intestinal barrier alteration and pathogen entry upon immersion of V. 
anguillarum, did report a considerable downregulation of complement factors and did not 
mention the TLRs (Gao et al., 2016). Although all these works are performed in different 
species, this inconsistency seems to be an effect of challenge route. It seems likely that 
the effects reported in the present study, and those reported by Zhao et al., (2016) and 
Zhang et al., (2015), reflect the biological state of a systemic infection stage, while the 
effects reported by Gao et al., (2016) seems to reflect a local intestinal specific response.  
The complement cascade can be activated by three different pathways; the classical, the 
lectin and the alternative pathway. In contrast to mammals, the alternative complement 
pathway titers are several orders of magnitude higher in teleosts (Sunyer and Tort, 1995). 
Many lumpfish genes belonging to the classical and alternative pathway were among the 
most highly differentially expressed genes. The complement factor H (CFH), complement 
factor 8A and B and complement factor B were the top four upregulated genes at 24 hpe 
410, 265 and 203 times the control value, respectively. C1QA and C, GPR1 and C2 were 
the four most downregulated genes at 24 hpe, 0.022, 0.027, 0.057 and 0.074 compared 
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to the control, respectively. Complement factor H allows factor I to degrade C3b into iC3b, 
which binds to pathogenic membranes. In turn, iC3b binds to CR3, thereby enhancing 
phagocytosis, respiratory burst and antigen uptake. Interestingly, the CR3 was 
downregulated approximately 6.3 times the control value at 24 hpe. This contradicting 
expression value of CR3 might be a negative feedback loop. The complement factors 8 A 
and B are involved in the forming of the membrane attack complex. Complement factor B 
is also an integral part of the alternative complement pathway as it non-covalently binds 
to C3, forming C3 convertase upon factor D processing, and if the requisite environmental 
conditions are met, it forms C5 convertase. The alternative pathway is completely 
dependent on the alternative C3 and C5 convertases (Boshra et al., 2006).  The most 
down-regulated genes were involved in the classical and lectin pathway. The DEG analysis 
showed a very clear picture; the alternative complement cascade is very important in the 
lumpfish HKL response to V. anguillarum.  
The TLR pathway is initiated by PAMP binding of a TLR. In the KEGG reference pathway 
the human TLRs are entered, which is not fully representative of the lumpfish pathway. In 
the present study, 13 TLRs were identified and included in the TLR pathway analysis. The 
phylogenetic analysis confirmed the identification of the lumpfish TLRs, and conclusively 
proved the existence of TLR1, 2, 3, 5S, 5M, 7, 8, 9, 13, 14, 21, 22 and 28 in the lumpfish. 
Furthermore, we identified most of the members in the TLR signaling pathway. The DEG 
of the TLR signaling pathway clearly indicated that MYD88 and NF-  dependent TLR 
signaling were the primarily activated signaling pathway in lumpfish HKLs during exposure 
to V. anguillarum . This was supported by the high upregulations of gene transcripts  at 24 
hpe of the pro-inflammatory cytokines; IL- -6 (137.2), IL-8 (104) and TNF-
(30), the NF-  signaling pathway genes; NF-  inhibitor alpha (10.5) and NF-  (5), and 
TLR5S (119.5). Interestingly the other TLRs were either not, slightly (TLR 2, 7, 14, and 21, 
ranging from 0.8 – 0.29) or severely downregulated (TLR13, 0.027) at 24 hpe. High 




trout, gilthead seabream and flounder (Jayaramu et al., 2017; Munoz et al., 2013; Tsujita 
et al., 2004). In addition, the MAPK pathway genes MP2K6 and MP2K3 were 
downregulated (0.4) and (0.2). All the mentioned regulation levels were significant with 
adjusted p-value < 0.05. Among the downregulated TLRs in lumpfish with reported 
bacterial TLR-ligand were TLR 2 and 13. Teleost TLR2 ligands are lipopeptides, Pam3CSK4, 
PGN and LTA (Basu et al., 2012; Quiniou et al., 2013; Ribeiro et al., 2010; Samanta et al., 
2012), and teleost TLR13 ligand is bacterial RNA (Liang et al., 2018). These are components 
of V. anguillarum, and it is highly interesting that lumpfish HKLs down-regulates these 
receptors. Some possible explanations could include the following hypotheses: 1) 
Lumpfish TLR2 and 13 do not share the ligand specificity of other described teleost TLR2 
and 13. 2) The cells expressing TLR2 and 13 are selectively removed by a confounding 
variable, such as adaptation to the primary culture environment. 3) TLR2 and 13 
competitively bind the adaptor proteins of TLR5 and thereby function as decoys for the 
TLR5 adaptor proteins. This could possibly lead to TLR5:flagellin complexes not being able 
to bind their adaptor proteins, due to too low concentration of free adaptor proteins, and 
thus termination/potency-reduction of the signaling cascade. The leukocytes needs to 
reduce the levels of TLR2 and 13 in order to maintain full potency of the TLR5 signal 
transduction. Independent of this hypothesis ,it is clear that lumpfish HKL’s responses to 
V. anguillarum are highly dependent on TLR5, and that flagellin is likely the most efficient 
PAMP to protect against V. anguillarum infection. However, if hypothesis 3 is true, the 
consequence is that other PAMPs would not, or only slightly, elicit a protective response, 
as their receptors would be downregulated upon V. anguillarum infection.  
The cytokines produced downstream of the TLR signaling pathway, IL- -6, IL-8 and 
TNF- -inflammatory. These cytokines are known to be important in septic 
diseases, of which vibriosis is associated to (Frans et al., 2011). IL-8, also known as CXCL8, 
is an important chemotactic factor for neutrophils which are the most prevalent 
professional phagocytic cells in the immune system (Baggiolini and Clark-Lewis, 1992). The 
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chemotactic capacity of IL-8 has been demonstrated in cyprinids and is also associated 
with increased superoxide production of recruited cells (De Oliveira et al., 2015; De 
Oliveira et al., 2013a; De Oliveira et al., 2013b; Van Der Aa et al., 2010). Teleosts IL-8 has 
been reviewed by Bird and Tafalla (2015). In the transcriptome we observed some 
conflicting evidence regarding IL-
upregulated, but other automatic annotated IL-  had low or no regulation at 
all. It was therefore necessary to perform deeper characterization of these transcripts and 
identify the true genes behind them (paper III). This conflicting state of the transcripts also 
highlighted the need for full description of the IL-1 family, to ensure future users of the 
lumpfish transcriptome would not accidentally select the wrong IL-1 family member. 
Further, the NF-  and MAPK signaling pathways and their regulation in lumpfish HKLs 
upon exposure to V. anguillarum were characterized. Most members of both signaling 
pathways were identified (paper III). As previously described for the TLR pathway, the DEG 
analysis consisted of genes belonging to the canonical part of the NF-  signaling pathway. 
Interestingly, we identified three differentially regulated transcripts of TNFSF11a, also 
known as RANKL (Receptor activator of nuclear factor kappa- ) regulated at 24 hpe 
0.16, 1.22 and 11.16 times the control level.  The DEG analysis of the MAPK signaling 
pathway displayed upregulation of the transcription factor belonging to classical MAP 
kinase pathway, JNK (c-Jun N-terminal kinase) and p38 MAP kinase pathway. These 
pathways all lead to an increased proliferation, differentiation and inflammation (Burotto 
et al., 2014).  
The characterization of the IL-1 family members clearly proved the existence of the four 
expected teleost members in the lumpfish transcriptome; IL- -18, nIL-1F and IL-1Fm2. 
In addition, the teleost receptors of the IL-1 family were identified; IL-1R1, IL-R2, IL-1R4, 
IL-1R5, DIGIRR and IL1-R3, the latter two only partial sequences. All the lumpfish IL-1 




contained a propeptide, but not a caspase-1 cut site, as observed for other teleost IL-  , 
but in contrast to IL-1   in mammals (Zou and Secombes, 2016). The gene organization of 
IL- - Lumpfish IL-18 also possesses 
five exons like other IL-18 sequences. A caspase-1 cut site was identified in lumpfish nIL-
1F, in addition to two thrombin cut sites, previously suggested to be involved in the 
processing of trout nIL-1F (Wang et al., 2009). Lumpfish nIL-1F possesses seven exons, like 
other teleost nIL1F sequences (Zou and Secombes, 2016). Interestingly, the lumpfish IL-
1Fm2 contained a shortened peptide sequence compared with other teleost sequences 
due to a stop codon after the first 36 bp of the coding sequence. The remaining transcript 
coded for a shortened IL-1Fm2 peptide sequence. It lacks the second exon and the 
majority of the third exon compared to IL-1Fm2  other species. This exon structure is 
unique for lumpfish. The loci of IL-1 ligands were identified in the lumpfish draft-genome 
(Knutsen, 2018). Synteny analysis showed that they mostly displayed similar co-
localization as other teleosts (paper III).  
The phylogenetic analysis of the IL-1 ligands conclusively proved the identification of the 
IL-1 family members in lumpfish. Interestingly, the present study for the first time 
identified the nIL-1F gene in non-teleost species – namely in Chondrichthyes and 
Sarcopterygii species. This is highly interesting as IL-1Ra and nIL-1F have been argued to 
not share an orthologous relationship, despite having similar function (Wang et al., 2009; 
Yao et al., 2015). The results in the present study clearly place nIL-1F in the evolutionary 
tree before the tetrapod divergence, implying that nIL-1F predates IL-1Ra. Further, it may 
imply that nIL-1F is the ancestor of IL-1Ra. The lack of similarity between nIL-1F and IL-1Ra 
might be explained by a gene-duplication followed by non-functionalization of the paralog 
most like nIL-1F. Also, the observed IL-1Fm2 phylogeny of Angosto et al., (2014) was 
observed in the present study (paper III).  
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Although the IL-1 ligands were constitutively expressed in tissues, there were not 
observed any significant tissue dependent gene-expression of the IL-1 family members in 
16 lumpfish tissues and the two primary leukocyte cultures. However, IL-18 and nIL-1F 
were significantly overall higher expressed than IL- -1Fm2. In the PAMP-
stimulation experiment, IL-1Fm2 and IL-18 were barely induced, this is in congruence with 
the sparse literature as these cytokines are known to only be weakly induced by PAMPs 
and pathogens in teleosts (Angosto et al., 2014; Perez-Cordon et al., 2014; Zou et al., 
2004). Interestingly, nIL-1F has shown to inhibit the expression of IL-
and has a similar expression profile as IL- across tissues (Wang et al., 2009; Yao et al., 
2015). In the present study, IL- IL-1F expression levels were modulated in a similar 
pattern, highly induced by flagellin, moderately by CpG and poly(I:C) and weakly by 
Pam3CSK4 (paper III). 
Gene organization of lumpfish TNF-  displayed the typical traits of teleosts TNF- I. 
This was also observed regarding the peptide characteristics. Within Teleostei there have 
been identified two types of TNF- . Moreover, in certain clades such as Cyprininae and 
Salmonidae even more TNF- . The phylogenetic analysis of 
lumpfish TNF- -length teleost TNF-
the previously known phylogenetic properties of the teleost TNF-
two Salmoniformes specific and two Cyprinidae specific clades (paper II).   
Two lumpfish IL-6 isoforms were identified. One isoform displayed a conventional peptide 
sequence (IL6 i1), while the other isoform retained the first intron (IL6 i2). Interestingly, 
the predicted lumpfish IL-6 i2 sequence contained a signal peptide sequence, as expected, 
however this was first revealed after proteolytic cleavage, indicating that lumpfish IL-6 i2 
is dependent on post-translational modification in order to gain its functionality. A capase-
1 cut site was predicted in a region allowing for the aforementioned unveiling of the signal 




caspase-1 processing. This hypothesis should be tested experimentally. Interestingly, the 
phylogenetic analysis of lumpfish and other teleost IL-6 revealed two clades within 
Salmoniformes. Eggestøl et al., 2020 is the first report of two IL-6 paralogs within 
Salmoniformes (paper II).   
The gene expression profiling of lumpfish TNF- -6 in normal tissues and primary 
leukocyte cultures revealed an interesting pattern. Both genes were highly expressed in 
immune organs, followed by surface tissues and lowest in other internal organs, such as 
liver, muscle and gonad. However, the highest levels of lumpfish IL-6 were detected in 
brain and eye - the only organs where IL-6 expression surpassed TNF-
general, TNF- -6 transcripts in lumpfish tissues. 
This is highly interesting considering the PAMP stimulation of lumpfish IL-6 and TNF-




A lumpfish transcriptome database was established, consisting of 346430 transcripts, 
among them 956 innate immune genes,. We found that the lumpfish innate immune 
responses are potent. The early responses against the extracellular bacteria V. 
anguillarum, are dominated by the alternative complement pathway, the TLR5S induced 
TLR signaling, chiefly through the canonical NF-  pathway, leading to the production of 
the hallmark pro-inflammatory cytokines; IL- - -6. These cytokines are 
known to increase phagocytosis, proliferation and inflammation. The qPCR-assays for 
quantitative measurements of the cytokines were established. Four IL-1 ligands and 
several IL-1Rs were identified in lumpfish, and possess the typical traits found within 
teleosts. The phylogenetic analysis split the IL-
IL- -1F for the first 
time outside of Teleostei. Lumpfish TNF- eleost traits, 
however some slight possible discrepancies have been described regarding lumpfish IL-6, 
as one of its isoforms are predicted to contain a caspase 1 cut site. Also, the present study 
contains the first evidence of IL-6 paralogs in Salmoniformes. If the speculations regarding 
IL-6 i2 processing represents true biology, then lumpfish IL-6 may be an unprecedented 
cytokine in evolution, being a pro- and anti-inflammatory cytokine with its kinetics 
dependent on caspase 1 processing. The qPCR data of the normal lumpfish tissues showed 
that IL- -1Fm2 is lower expressed than nIL-1F and IL-18, and that TNF-
expressed than IL-6, except for brain and eye. The PAMP stimulation of the lumpfish 
leukocytes potently regulated IL- - , IL-6 and nIL-1F, in a parallel pattern, while IL-
1Fm2 and IL18 were not. Our data constitute an important tool to further elucidate 
cytokine functions, protein-protein interactions and the underlying mechanisms for 
regulation of these molecules in lumpfish.  
Knowledge of the immune system contribute to increased welfare of lumpfish, as it 




stimulation, and it increases our understanding of the lumpfish responses to disease. 
Further, this knowledge is also of comparative interest as lumpfish represent a  
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The interleukin (IL)-1 family play a fundamental role as immune system modulators. Our previous 13
transcriptome-analyses of leukocytes from lumpfish (Cyclopterus lumpus L.) showed that IL-14
was among the most highly upregulated genes following bacterial exposure. In the present study, 15
we characterized IL-1 signaling pathways, identified and characterized four ligands of the IL-116
family in lumpfish; IL- -18 and the two fish specific IL-1 family members nIL-1F and IL-17
1Fm2, both at mRNA and gene levels. Furthermore, a comprehensive phylogenetic analysis of 27718
IL-1 ligands showed that nIL-1F, in common with IL- , likely represents an ancestral gene, as 19
representatives for nIL-1F were found in cartilaginous and lobe-finned fish, in addition to teleosts.20
This shows that nIL-1F is not exclusively present in teleosts as previously suggested. IL-1Fm2 is 21
identified only in the most evolutionary advanced teleosts, and is most closely related to type I IL-22
. Furthermore, we have determined transcription levels of the IL-1 ligands in leukocytes and 16 23
different tissues, and their responses upon in vitro stimulation with seven different ligands. In 24
addition, we have identified the IL-1 receptors IL-1R1, IL-1R2, IL-1R4 (ST2/IL-33 receptor/IL-25
1RL), IL-1R5 (IL-18R1) and partial sequences of DIGIRR and IL-1R3 (IL-RAcP). Identification 26
of immune molecules and description of innate responses in lumpfish is interesting for comparative 27
and evolutionary studies and our study constitutes a solid basis for further functional analyses of 28
IL-1 ligands and receptors in lumpfish. Furthermore, since lumpfish are now farmed in large29
numbers to be used as cleaner fish for removal of sea lice on farmed salmon, in-depth knowledge 30
2
of key immune molecules, signaling pathways and innate immune responses is needed, as the basis 31
for design of efficient immune prophylactic measures such as vaccination.32
33
1 Introduction34
Cytokines belonging to the IL-1 family are key mediators of the body’s response to microbial 35
invasion, inflammation, immunological reactions and tissue injury. In mammals, the IL-1 family 36
consists of 11 cytokines. Of these, seven have pro-inflammatory activity (IL- - -18, IL-37
33, IL- - - -1Ra which is also known as IL-1RN, 38
IL-36RN and IL-38) and one has anti-inflammatory properties (IL-37) (1). Of these, only IL-39
and IL-18, also referred to as IL-1F2 and IL-1F4, respectively, have been identified in teleosts thus 40
far. Fish have, however, multiple paralogues of many cytokines (2) and multiple IL-1 ve been 41
identified in several fish species, including channel catfish (3), salmon, trout (4, 5) and carp (3, 6).42
The genes encoding IL-43
number of exon/intron and synteny analyses (4, 7). Gene expression studies of IL-44
that it is significantly upregulated in immune tissues, in primary cultures and cell lines in response 45
to immunostimulants, immune response modifiers and/or pathogens (reviewed in (2)). 46
IL-18 contains an IL-1 like signature sequence and has, like IL- -sheet strands that 47
-trefoil structure (8). IL-18 has been described in trout and identified in other species like 48
Japanese – and green spotted pufferfish (9) and seabass (2). In trout, like in mammals, IL-18 is 49
constitutively expressed in a wide range of tissues (9). Transcription of IL-18 is not modulated by 50
LPS, poly(I:C) or trout recombinant IL- (HKL) and a macrophage 51
cell line. A shorter, alternative spliced transcript of IL-18 is, on the other hand, upregulated in 52
RTG-2 cells (a fibroblast cell line from rainbow trout) after stimulation with LPS or poly(I:C),53
suggesting that proteolytic cleavage may be crucial for mediating a biologically active IL-18 in 54
fish, as in mammals (7). Mammalian IL-18 has multiple functions in both innate and adaptive 55
immunity, such as induction of IFN-56
and neutrophil activation. Recently, it was also shown that IL-18 is also involved in Th2 responses 57
(10). In fish, the functions of IL-18 are less understood (9).58
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The teleost specific IL-1 family members are termed novel IL-1 family members (nIL-1F,59
also known as nIL-1Fm) and IL-1 family member 2 (IL-1Fm2) (11-14). nIL-1F has been identified 60
in three-spined stickleback (Gasterosteus aculeatus), European seabass (Dicentrarchus labrax), 61
Japanese flounder (Paralichthys olivaceus), Nile tilapia (Oreochromis niloticus), southern 62
platyfish (Xiphophorus maculatus), Japanese puffer (Takifugu rubripes), spotted green pufferfish 63
(Tetraodon nigroviridis), Japanese rice fish (Oryzias latipes), rainbow trout (Oncorhynchus 64
mykiss), zebrafish (Danio rerio), channel catfish (Ictalurus punctatus) and grass carp 65
(Ctenopharyngodon idella) (11-14). Thus far, IL-1Fm2 has only been identified in the most 66
evolutionary advanced fishes, such as gilthead seabream (Sparus aurata), European seabass, three-67
spined stickleback, Nile tilapia, southern platyfish, Japanese rice fish and Japanese flounder (11).68
nIL-1F and IL-1Fm2 show low sequence identity with IL- -1 family signature 69
[FC]-x-S- [ASLV]-x(2)- [FYLIV]- [LI]- [SCA]-T-x(7)- [LIVM] (prosi -70
-sheets. It has been suggested that nIL-1F antagonizes IL-71
to IL-1Ra in mammals (13-15).72
In mammals, IL- -18 are produced as pro-peptides and require proteolytic cleavage 73
for activation. The IL- -1/ interleukin-174
converting enzyme (ICE) between the aspartate amino acid at position 116 and alanine at position 75
117 to form mature proteins. Alternatively, pro-IL1 by enzymes like granzyme 76
A, trypsin, chymase, elastase, cathepsin G, collagenase, matrix metalloproteases or serine proteases 77
(2). Fish and other non-mammalian species do not have the conserved Asp116. Caspases are, 78
however, also involved in processing of IL- s A and B cleave IL-79
s80
instead of D104 (16). Sea bass caspase-1 cleaves proIL- (17). It has been suggested that 81
IL-18 in fish, as in mammals, needs proteolytic processing to become a functionally active protein. 82
Potential ICE cut sites have been predicted for IL-18 and nIL-1F, but functional analyses are 83
required to verify this (9, 13, reviewed in 7). Gilthead seabream IL-1Fm2 is processed before being 84
released, but the mechanism is not known as it does not have a conserved caspase-1 processing site 85
and neither inhibitors of pan-caspase nor caspase-1 inhibit its processing (11).86
The IL-1 receptor (IL-1R) family comprises 10 members and includes cytokine-specific 87
receptors, co-receptors and inhibitory receptors (18-20). A novel receptor nomenclature has been 88
4
proposed by Boraschi et al. (18) and will be followed here. There are two types of receptors that 89
bind mammalian IL-1 IL-1 receptor (IL-1R1) which binds to the accessory receptor 90
protein IL-1R3 (also known as IL-1RAcP and IL-1RAP) and type II IL-1 receptor (IL-1R2), which 91
also binds to IL-1R3. IL-1R2 is a decoy receptor that is structurally incapable of signaling (21) due 92
to the lack of an intracellular domain. Thus, IL-1R2 serves as a negative regulator, both by 93
competing with IL-1R1 for IL-1 and by complexing with IL-1R3, preventing dimerization of IL-94
1R3 with IL-1R1. Interaction between IL-1R1 and IL-1R3 is needed for downstream signaling 95
from IL-1R1 after IL-1 binding. Both IL-1R1 and IL-1R2, in addition to IL-1R3 are described in 96
fish, such as miiuy croaker (Miichthys miiuy), grass carp, Atlantic salmon (Salmo salar), orange-97
spotted grouper (Epinephelus coioides), gilthead seabream, rainbow trout, Japanese flounder (22, 98
23, 24, reviewed in 7). The IL-18 receptor in mammals consists of two subunits, IL-1R5 (also 99
known as ) and IL-1R7 (IL- ), while in fish, only one IL-18 receptor, IL-18R1, has 100
been described thus far (7). In mammals, the soluble IL-18-binding protein (IL-18BP) regulates 101
IL-18 activity (25). In grass carp, IL1R8, two isoforms of IL1R9 and IL1R10 have also been 102
described (24). nIL-1F binds to the type I IL- competing with IL-1 (14). The receptor 103
for IL-1Fm2 is not yet identified.104
The aim of the current study was to identify and characterize IL-1 family ligands and 105
receptors in lumpfish, as well as the signaling pathways NF- gain further insight106
into the role of the IL-1 family in innate immunity. In addition, a comprehensive phylogenetic 107
analysis was performed to investigate the evolution of IL-1 ligands.108
109
2 Materials and methods110
2.1. Fish and rearing conditions111
Unvaccinated, farmed lumpfish were provided by Fjord Forsk Sogn AS, a commercial breeder in 112
Sogn & Fjordane County, Norway and kept in a 500 L tank in the rearing facilities at the Industrial 113
and Aquatic Laboratory (ILAB) at Bergen High-Technology Centre under normal optimal rearing 114
conditions, with an average temperature of 10.7 ±1.7 C, oxygen level of 88 ± 6.4 % (n= 147 days),115
5
salinity of 34 PPT and light regime 12 h light: 12 h dark. The fish were fed with dry commercial 116
feed (Gemma Silk (3 mm) Skretting, Norway).117
118
2.2. Tissue sampling and homogenization119
The fish (282.7 ± 56.5 g and 18.5 ±1.1 cm) were randomly selected and killed by a sharp blow to 120
the head, which is an appropriate procedure under Norwegian law. Peripheral blood (0.7 mL) was121
collected from the vena caudalis and transferred to heparinised containers. Skin mucus was 122
harvested by scraping a sterile scalpel blade along the most lateral skin on the left side of the fish. 123
The skin sample was dissected from a square, were the cranial-ventral corner touched the third skin 124
knot. The muscle sample was harvested from the underlying white musculature. Thymus was 125
harvested by scraping the most cranial-dorsolateral surface tissue of the mouth cavity with a sterile 126
scalpel. Gill tissues, sampled from the second gill arch on the left side, consisted of filaments from 127
the most caudal point on the gill arch. The gill arch sample consisted of the most proximal 128
millimeter of the gill filament, intra-branchial tissue and the gill arch. The tongue, liver, spleen, 129
pyloric caeca, heart and gut were dissected out aseptically. The posterior piece of the testes or ovary130
constituted the gonad sample. A posterior section of the right lobe constituted the head kidney 131
sample. The eye sample was the area of the eye surrounding the end of the nervus opticus. A section 132
of the medulla oblongata constituted the brain sample. Homogenization of the tissue-samples was 133
performed as described previously (26). Briefly, up to 40 mg of tissue were transferred to FastPrep 134
Tubes containing SS metal beads lysing matrix (MP biomedicals) and lysisbuffer and homogenized 135
in a FastPrep-24 5G homogenizator (MP biomedicals). 136
137
2.3 Isolation of leukocytes and in vitro stimulation138
Peripheral blood leukocytes (PBL) and head kidney leukocytes (HKL), were isolated from 139
lumpfish (n=8) using discontinuous Percoll gradients as described previously (27). A gentleMACS 140
Dissociator (Miltenyi Biotec) was used to homogenize of the head kidney tissues. For the in vitro 141
stimulation experiment, HKLs (4 x 107 cells/well) were added to 24-well plates and stimulated for 142
6
18 hours at 15 °C with seven different ligands: 0.3 μg/ml triacylated lipopeptide (Pam3CSK4, 143
Invivogen), 0.1 μg/ml diacylated lipopeptide (FSL-1, Invivogen), 20 μg/ml flagellin (FLA-BS, 144
Invivogen), 50 μg/ml poly(I:C) (tlrl-pic, Invivogen), 10 μg/mg ssPoly (U)/LyoVec (Invivogen), 2 145
μM CpG (Eurogentec) or 2 μM GpC (Eurogentec). A leukocyte sample with medium added instead 146
of ligands represented the non-stimulated control.147
148
2.4. RNA isolation and cDNA synthesis149
Total RNA was isolated from tissues and leukocytes using GenElute Mammalian Total RNA 150
miniprep kit (Sigma) and treated with DNase I (Sigma) according to the manufacturer’s151
instructions. A maximum of 2500 ng RNA was used per 10 μl DNase reaction. To ensure that all 152
traces of genomic DNA were removed from the samples and to validate the integrity and quality 153
of the RNA, DNase treated RNA was assessed on a 1% agarose gel containing GelRed (Biotium) 154
and quantified in a NanoDrop®ND 1000 UV-Vis spectrophotometer (NanoDrop Technologies). 155
Subsequently, the RNA was reverse transcribed into cDNA using a qScript cDNA synthesis kit 156
(Quanta Biosciences) according to the manufacturer’s instructions using maximum 1000 ng RNA 157
per 20 μl reaction. The synthesized cDNA samples were stored at -20°C.  158
159
2.5. Quantitative PCR (qPCR)160
qPCR was performed using a C1000 Touch Thermal Cycler with CFX96 Real-Time System 161
(BioRad) using SYBR green JumpStart Taq Ready Mix kit for quantitative PCR (Sigma) and 162
custom desalt primers from Sigma (see Table 1). The PCR reaction contained 12.5 l 2xSYBR 163
Green JumpStart Taq Ready Mix, 10 l cDNA (2 ng/μl for target genes and 0.2 ng/μl for reference 164
genes), 1 μl (10 mM) forward and reverse primer and 0.5 μl nuclease and salt free water (Sigma).  165
The reactions were thermo-cycled for 94 °C at 5 minutes, followed by 40 cycles of 15 seconds at 166
94 °C and 1 minute at 60 °C, until melt curve analysis were performed. Two-fold dilution curves 167
(80 ng-0.16 ng for the target and reference gene) were made for efficiency (E) calculations. Three 168
parallel reactions were performed for all genes. Negative controls without template (NTC) and 169
7
cDNA reactions without reverse transcriptase (-RT) were included for all master mixes. The –RT 170
reaction ensured that the primers did not bind non-specifically.171
The gene expression in normal tissues -method (Equation 1). The 172
in vitro stimulation experiment was calculated by the -method (Equation 2). All gene 173
expression calculations utilized the housekeeping gene RPS20 as reference gene. Stability of the 174
reference gene across tissues is shown in Supplemental Table 1.175
Equation 1: =  176





qPCR data were analyzed by two-way ANOVA in IBM® SPSS® Statistics (version 25.0.0.2) on 180
log10 transformed data. The normal tissue data were followed up by Bonferroni corrected pairwise 181
comparisons and the ligand stimulation data were followed up by Tukey’s honest square difference 182
post hoc test. F values refers to the F statistic, df values refers to the degrees of freedom, p values 183
refer to the probability that the statistical summary of the population is equal or more extreme than 184
the observed values of the sample, given that the null hypothesis is true (p < 0.05 is considered 185
2 refers to the effect size, or how much the relevant variable explains the observed 186
variance.187
188
2.7 Sequence identification and database mining189
Individual transcripts in the transcriptome were annotated with BLAST matches, protein domains 190
and GO terms using the Trinotate toolkit (https//trinotate.github.io). The annotated transcriptome 191
and differential gene expression (DEG)-data have been submitted to Array Express under accession 192
number E-MTAB-6388.193
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Automatic annotated transcripts of IL- -1F in lumpfish were identified in a194
previous study (34). Further searches within the transcriptome using known sequences of IL-18, 195
IL-1Fm2 and IL-1 family receptors from other fish species, gave hits to several transcripts. 196
Candidate sequences were identified by BLASTX against NCBI’s non-redundant database and by 197
phylogenetic analysis, which included all known full teleost sequences and swiss-prot entries for 198
humans and mice. In order to perform multiple sequence alignment and phylogenetic analysis, 199
sequences were mined from NCBI’s protein database. Analysis of IL-1 family ligands was200
restricted to those from teleosts and the top 100 BLASTP hits using the lumpfish IL-1 family ligand 201
sequences against NCBIs non-redundant database, in addition to sequences from (13) and (11).202
Replicate sequences, sequences <100 aa (amino acids) and >400 aa and severely deviating 203
sequences were removed. This constituted a database of 273 teleost IL-1 family sequences, in 204
addition to IL-1 and IL-18 sequences from humans and mouse (Suppl. Fig 5 and Suppl. Table 4).205
206
2.8. Bioinformatic analysis207
Multiple sequence alignment was performed using MUSCLE (28) in UGENE (29). The 208
phylogenetic maximum likelihood tree was constructed with IQ-TREE (30) using automatic model 209
selection (31), followed by 100 000 bootstraps (32). An overview of species and gene identifier 210
(GI) numbers included in the phylogenetic analysis are included in Suppl. Figure 5 and Suppl. 211
Table 4. Domain predictions were performed using InterproScan (33). Transcriptome-wide DEG 212
analyses of the signaling pathways NF-213
upon bacterial exposure were performed using data generated in Eggestøl et al. (34) and KEGG 214
pathway analysis/KEGG Mapper tool as described previously (34). The synteny analyses were215
performed using Genomics (35). -sheets in IL-1 and IL-18 were identified using the human 216
sequences as reference. The -sheets in nIL-1F and IL-1Fm2 were predicted using BETApro 217
Protein Beta Sheet Predictor (http://betapro.proteomics.ics.uci.edu/). Prediction of enzymatic cut 218





The gene sequences of the four IL-1 family members were obtained from genome assembly (36)223
and/ or Sanger sequencing. A full-length IL- gene was found in the assembled genome. The IL-224
18, nIL-1F and IL-1Fm2 genes were PCR amplified from genomic DNA (isolated using Pure Core 225
kit A, Quiagen, according to the manufacturer’s instractions) using Phusion High-Fidelity DNA 226
polymerase (Thermo scientific) and primers shown in Table 1. PCR products were purified by gel 227
extraction (E.N.Z.A., Omega bio-tek) and sequenced at the DNA Sequencing Facility at the High 228
Technology Centre in Bergen, Norway. The gene structure and exon-intron boundaries were 229
determined by comparing transcripts from RNA sequencing of head kidney leukocytes from 230




The present work with lumpfish was conducted according to the approved national guidelines and 235
performed according to prevailing animal welfare regulation. Rearing of fish under normal, optimal 236
conditions does not require ethical approval under Norwegian law (FOR 1996-01-15 nr 23). All 237
work in this manuscript has been done on tissues and cells harvested from dead fish. Fish were 238
sacrificed with a sharp blow to the head, which is an appropriate procedure under Norwegian law.239
240
3 Results241
3.1. DEG analysis of the NF-kappa B – and MAPK signaling pathways242
IL-243
exposure (hpe) and was highly upregulated at both 6 and 24 hpe ((34); Fig. 1, Supplemental Table 244
2 and 3). To get further insight into the IL-1 signaling pathways, transcriptome-wide analysis of 245
the NF-kappa B– and MAPK pathways were performed (Fig. 1A, B). Most members of both 246
pathways were identified in lumpfish (Fig. 1, Supplemental Table 2 and 3). The DEG analysis upon 247
10
bacterial exposure showed that the transcript level of genes belonging to the canonical NF-kappa 248
B pathway (e.g. IL-1 , IL-8, TNF and COX2) were most highly upregulated compared with the 249
atypical and non-canonical pathway (Fig. 1A and Supplemental Table 2), and the level of 250
expression was higher at 24 hpe than 6 hpe (Fig. 1A). Interestingly, IL1R2, the decoy receptor was 251
among the most highly upregulated genes. Three TNFAIP3 transcripts were identified in the 252
lumpfish transcriptome and these were regulated differently (Fig. 1A, Supplemental Table 2), one 253
(TNFAIP3a) being highly upregulated (Log2 fold 2.9 and 3.5 at 6 and 24 hpe, respectively), one 254
(TNFAIP3c) strongly downregulated at 24 hpe (Log2 fold 0 and –2.6 at 6 and 24 hpe, respectively) 255
and one (TNFAIP3b) that was not differentially regulated. In addition to TNFAIP3c, the transcripts 256
that were most downregulated were the lymphotoxin beta receptor TNFR superfamily member 3257
(TNFR3), Tumor necrosis factor receptor superfamily member 5 (CD40) and tumor necrosis factor 258
receptor superfamily member 11A (TNFSF11a).259
In the MAPK signaling pathway, transcription factors belonging to the classical MAP 260
kinase pathway, JNK and p38 MAP kinase pathway and ERK5 pathway were upregulated. These261
included; brain-derived neurotrophic factor (BDNF), nuclear factor of activated T cells 3 (NFAT4),262
serum response factor (SRF) and Dual specificity Map kinase phosphatase (Fig. 1B, Supplemental 263
Table 3). Activation of these transcription factors leads to proliferation, differentiation and 264
inflammation. The most downregulated transcripts in the MAPK signaling pathway were platelet-265
derived growth factor subunit B (PDGFB), transforming growth factor beta-3 (TGFB3) and the 266
mitogen-activated kinases MAP3K12 and MK04.267
268
3.2. Identification and molecular characterization of IL-1 family ligands in lumpfish269
In the previous transcriptome-wide analysis of lumpfish leukocytes, transcripts of IL-270
partial sequence of a new IL-1 family member (nIL-1F) were identified ((34)). To identify and get 271
further insight into the ligands of the IL-1 family, sequences of known IL-1 family members from 272
other teleost species were used as query sequences to search the lumpfish transcriptome. Using this 273
approach, another transcript of nIL-1F was identified, as well as IL-1Fm2 and IL-18. All four 274
family members contained the IL-1 family domain (Fig. 2A). The IL-275
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1711 bp with a 759-bp open reading frame encoding a full-length protein of 252 aa (Fig. 2A, 276
Supplemental Fig. 1). The deduced protein sequence contained an interleukin-1 propeptide 277
(IPR00302) and the IL-1 family domain (IPR000975) (Fig. 2A). IL-278
to IL- of the sculpin Trachidermus fasciatus (Blast E- value 1E-142, 78% identity). An IL-18 279
candidate was identified. The transcript of 2171 bp contained a 594-bp open reading frame 280
encoding a 198 aa sequence that contained the IL-1 family domain and the IL-18 domain 281
(IPR015529) (Fig. 2A, and Supplemental Fig. 2). The blast hits with highest scores were five 282
uncharacterized proteins and IL-18 from Miichthys miiuy. To obtain the full-length nIL-1F, two283
overlapping transcripts were merged. The sequence of the merged transcript, confirmed by Sanger 284
sequencing, was 1322 bp and contained an open reading frame of 1059 bp encoding a 352 aa285
sequence. The start code was determined based on identification of a Kozak sequence (5’-286
G/ANNAUGG-3’). nIL-1F contained the IL-1 family domain and a PDZ domain (IPR001478) 287
(Fig. 2A, Supplemental Fig. 3). The sequence showed highest similarity to an uncharacterized 288
protein of Notothenia coriiceps (Blast E value 0.0, 71% identity) and nIL-1F in Gasterosteus 289
aculeatus (BLAST E value 2E-158, identity 71%). The transcript encoding the IL-1Fm2 (1168 bp)290
contained an open reading frame of 543-bp encoding a 180 aa sequence. The lumpfish IL-1Fm2 291
sequence was shorter than IL-1Fm2 sequences in Paralichthys olivaceus and G. aculeatus292
(Supplemental Fig. 4). A stop codon after the first predicted 11 amino acids was confirmed by293
Sanger sequencing. The sequence contained an IL-1 family domain (Fig. 2A). The sequence 294
showed highest similarity to an interleukin-1 receptor antagonist protein in Larimichthys crocea295
(E- value 1<e-58, 52% identity). Caspase-1 and thrombin cut sites were only predicted in the nIL-296
1F sequence (Fig. 2A)297
298
3.3. Gene structure of the IL-1 family ligands in lumpfish299
Two types of IL- ist in fish, type I and type II, based on exon- intron structure. To determine 300
the subtype of IL- ence was analyzed. The IL-301
was 3547 bp, contained five exon and four introns and is therefore a type II (Fig. 2B, Supplemental 302
Fig. 6). IL-18 had five exons and four introns, including the conserved short exon 2 and a predicted 303
cut site (Fig. 2B, Supplemental Fig. 7). The nIL-1F gene consisted of eight exons and seven introns 304
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(Fig. 2B, Supplemental Fig. 8). IL-1Fm2 consisted of six exons and five introns. Interestingly, 305
compared with other IL-1Fm2, the translated lumpfish sequence was much shorter (Fig. 2B, 306
Supplemental Fig. 4, Supplemental Fig. 9). A stop codon was present 33 bp downstream of the 307
start codon followed by a deletion of 270 bp that corresponded to almost two whole exons 308
(Supplemental Fig. 4). The sequence upstream of the stop codon encoded MSDFDLSQALKR, 309
which is similar to other IL1Fm2 sequences (Supplemental Fig. 4), showing that the stop codon 310
and deletion is unique for lumpfish. Sanger sequencing confirmed the stop codon and deletion. 311
Therefore, we predict that the lumpfish IL-1Fm2 consist of four exons. The first one is very short 312
(MLQHD, due to the deletion) followed by three exons that are conserved in IL-1Fm2 sequences.313
Comparison of gene structure of lumpfish IL-314
confirmed that lumpfish have a type II IL- s the same 315
intron phases as the other IL- Interestingly, the typical gene structure of IL-1Fm2 316
sequences are very similar to the type I sequences (Fig. 2C). Due to deletion, only the three exons 317
in the C-terminal are similar to other sequences (Fig. 2C, Supplemental Fig. 4). Lumpfish IL-1Fm2 318
also have an extra exon N-terminal compared with other sequences, but that may be an artifact as 319
this region consists exclusively of “g” and “t” (Supplemental Fig. 4).320
321
3.4. Synteny322
Synteny analyses were performed for the IL-1 ligands. The locus of IL-1 in lumpfish was present 323
on scaffold jcf7180000034562. The 5’ and 3’-end of the lumpfish IL-18 gene was present on two 324
different scaffolds; jcf7180000029304 (position 1 to 1554) and jcf7180000030343 (position 1542-325
4248). Sanger sequencing was performed to obtain a full-length IL-18 gene, and the two scaffolds 326
were combined. IL-1Fm2 was present in scaffold jcf7180000030343. nIL-1F was found on scaffold 327
53, contig 235.328
There is a lack of well-characterized genomes from species closely related to lumpfish. In 329
the comparative analysis, Japanese medaka, turbot, zebrafish and human were chosen as they all 330
provide well characterized genomes of varying divergence time, approximately; 125, 125, 250 and 331
425 million years ago, respectively. The synteny of IL- was conserved among type II sequences332
13
and located in proximity to the genes death-associated protein kinase 1 (DAPK1), phospholipid-333
transcporting ATPase (ATP8B5A), cyclin and CBS domain divalent metal cation transport 334
mediator 4b (CNMM4B), cytokskeleton-associated protein 2-like (CKAP2L), purine-rich element 335
binding protein Bb (PURBB) and histone H2A (H2AFVA) (Fig. 3). In humans, the synteny of IL-336
is different from fish, and only IL-1 and CKAP2L are shared. Human IL- clusters together 337
with IL-1 and other IL-1 family ligands. Synteny of the lumpfish IL-18 scaffolds, were similar to 338
other species, except that succinate dehydrogenase complex, subunit D, integral membrane protein 339
a (SDHDA) and l-amino acid oxidase (LAAO) have shifted position (Fig. 3). Further, the upstream 340
context lacks tricalbin-1 (TCB1) and sortilin related receptor 1 (SORL1). Lumpfish IL-1Fm2 341
possessed the same synteny as turbot, both lacking sialidase-3 (NEU3B) present in Japanese 342
medaka (Fig. 3).  Synteny analysis of nIL-1F was identical for all the species. 343
344
3.5 Phylogenetic analysis of IL-1 family members345
To investigate the relationships among the IL-1 family ligands, a phylogenetic tree was constructed 346
(Fig. 4). All full-length teleost (taxid: 32443) IL-1 sequences available in NCBI, IL-1 ligand 347
sequences described in the literature (11, 13), and human and mouse sequences (Supplemental Fig. 348
5, Supplemental Table 4) were included. In addition, as many of the fish sequences are as yet349
uncharacterized, we included all full-length teleost hits with adequate quality from a BLAST search 350
using the lumpfish sequences as query sequences. The phylogenetic tree showed that nIL-1F and 351
IL- , share a common ancestor. (Fig. 4). The nIL1F1 clade is a separate clade with sequences 352
from all groups of fish, including cartilaginous (Chondrichthyes) and lobe-finned fish 353
(Sarcopterygii). This suggest that nIL-1, as IL- IL-1 is divided into 354
two subgroups; type found in Neoteleostei and Protacanthopterygii, and type found in species 355
belonging to Elopomorpha, Otomorpha and Osteoglossomorpha (EOO), and IL-1 which thus far 356
only are described from Salmoniformes. Interestingly, the IL-1 sequences from Clupeiformes357
cluster together with IL-1 3.  IL-1Fm2, which has only been reported from modern teleosts358
belonging to Neoteleostei shows highest similarity to IL- . The lumpfish sequences 359
grouped within their expected group.360
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361
3.6. IL-18, nIL-1F and IL-1Fm2 in tissues and leukocytes.362
mRNA transcript levels of the four IL-1 family ligands were measured by qPCR in sixteen tissues,363
as well as PBL and HKL. A two-way ANOVA analysis, investigating the effect of gene and tissue, 364
showed that there was a significant effect of both gene (F (3, 372) = 44.996, p =7.8E-25, 2 =365
0.266) and tissue (F (17, 372) = 2.458, p=0.001, 2 = 0.101). An interaction effect was, however, 366
not observed (F (51, 372) = 0.547, p = 0.995, 2 =0.070) between the factors, meaning that the 367
genes were expressed in the different tissues, but at different levels. After examining the Bonferroni 368
corrected post hoc multiple comparisons and the column chart of the tissue-independent gene 369
expression, it became apparent that the level of IL-18 and nIL-1F transcripts are statistically 370
significantly higher than IL- -1Fm2 transcripts (p< 0.001) throughout the tested tissues. 371
IL- an MNE value of 0.04 in tongue to more than 2.3 in 372
PBL, skin mucus, head kidney, HKL and spleen (Fig. 5 A). IL-18 and nIL-1F were abundant in 373
most of the tissues analyzed (Fig. 5 B, C). High levels of IL-18 and nIL-1F transcripts were detected374
in skin and skin mucus, but surprisingly, also in muscle. The lowest detected level of nIL-1Fm was 375
in the gonads. In contrast to IL- -18 were in head kidney, HKL and 376
spleen. The relative expression of IL-1Fm2 was generally low, except in the liver (Fig. 5 D). 377
Comparisons of the average transcript levels showed that the levels of IL-1 and IL-1Fm2 are 378
statistically significantly lower than IL-18 and nIL-1F (Fig. 5E).379
380
3.7 -1F, IL-1Fm2 and IL-18 expression in head kidney leukocytes after 381
stimulation with various ligands in vitro382
Transcriptome analyses of head kidney leukocytes upon bacterial exposure, showed that only IL-383
1 (33, Fig. 1A)). IL-18 was slightly, but 384
significantly, downregulated (0.3-fold change) and IL-1Fm2 was not regulated. To compare the 385
results from RNA sequencing (transcriptome data) with qPCR, we made cDNA of the RNA 386
samples (n=4) in the transcriptome analyses and performed qPCR. The results from RNA 387
sequencing correlated well with qPCR analyses (R2-value= 0.988) (Fig. 6A). To further our 388
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understanding of the IL-1 family members’ role in innate immunity, we stimulated head kidney 389
leukocytes with seven different ligands (Fig. 6B). IL- ere most highly upregulated 390
upon exposure to flagellin (FLA_BS), 100 and 12.7 fold change, respectively (p-values < 0.0001). 391
These two genes were also highly upregulated upon exposure to poly (I:C) and CpG. nIL1Fm2 and 392
IL-18 did not respond highly to any of the ligands, but they were both significantly upregulated 393
upon exposure to Pam3CSK4 which is a synthetic triacylated lipopeptide (Fig. 6B). The correlation 394
analyses between the genes, showed that the expression levels of IL-1395
and IL-1Fm2 are similar to each other, but different from the two aforementioned genes (Fig. 6B). 396
In summary, flagellin had the most highly significant effect on the HKL (p < 0.001), followed by 397
CpG, Pam3CSK4 and poly (I:C) (Fig. 6). GpC, the diacylated lipoprotein FSL-1 and Poly(U) did 398
not have a statistic significant effect on the expression levels of the IL-1 family members. 399
400
3.7. Identification of IL-family member receptors.401
In the lumpfish transcriptome, full-length sequences of the receptors IL-1R1 (two transcripts),402
IL1R2, IL1R3 (also known as IL-1RAcP), IL-1R4 (also known as ST2, which bind IL-33), IL-1R5 403
(also known as IL- -1R9 (also known as TIGIRR-2) and DIGIRR were identified (Table 404
3 and Fig. 7). Both IL-1R1 transcripts were significantly upregulated at 24 h post bacterial 405
exposure. IL-1R2 was also significantly upregulated at both times points. Interestingly, both IL-406
1R4 and IL-1R5 were down regulated. As shown in Figure 7, the full-length IL-1R1s, IL-1R3, IL-407
1R4, IL-1R5 and IL-1R9 have a signal peptide, three immunoglobulin domains, a transmembrane 408
region and an intracellular domain. IL-1R2 is similar, but lacks the intracellular domain needed for 409
downstream signaling. Furthermore, a lumpfish transcript showing high similarity to the C-410
terminal of fish specific IL-1R like family member double Ig-1R related molecule (DIGIRR) was411
identified (Table 3), having the conserved amino acid sequences ISRSRRLIV and 412
FWKELALAMP, similar to other described DIGIRR sequences (35). IL-18R2 and IL-36R were 413





In a previous transcriptome-wide study of lumpfish leukocytes, we identified IL-418
sequence of a new interleukin-1 family member, nIL-1F. Both were upregulated upon bacterial 419
exposure (34). To further our understanding of the biological processes involving IL-420
characterized the NF-kB and MAPK pathways by identifying signaling components and performed 421
differential gene expression analyses upon bacterial exposure. Most components of the signaling 422
pathways were found in the lumpfish transcriptome. In addition to the pro-inflammatory cytokines 423
(IL- - and COX-2) which were highly upregulated, two of the most highly upregulated 424
genes were IKBA and IL-1R2, both involved in regulation of IL- -425
transcriptional – and protein level where antagonists, IL-1Ra in mammals and nIL-1F in fish, bind 426
to the IL-1R1 and block downstream signaling (14). There are also so-called decoy receptors, as 427
they lack an intracellular signaling domain that bind to IL-1 and prevent downstream signaling. 428
Knowledge of the underlying mechanisms for regulation and signaling pathway is important as 429
dysregulation can lead to acute and chronic inflammatory conditions (20, 25, 38).430
Mammalian species have 11 ligands belonging to the IL-1 family. To date, only two of 431
these are identified in fish; IL- -18 (7). Fish have, however, two members that are unique 432
for fish; the nIL-1F and IL-1Fm2. In the current study, we have identified and characterized full-433
length sequences of IL- -18, nIL-1F and IL-1Fm2. Analysis of their predicted protein 434
sequences showed that they all possess the IL-1 signature sequence. Interestingly, the lumpfish IL-435
1Fm2 is shorter than other teleost sequences. After the 12 first amino acids, a stop codon is present,436
and it lacks 69 amino acids N-terminally compared with Japanese flounder (Supplemental Fig. 4). 437
The rest of the lumpfish IL-1Fm2 sequence, which encodes the IL-1 signature and the characteristic 438
-strands that form a beta barrel, is present and shows similarity to IL-1Fm2 described in other 439
teleosts (11).440
Gene expression analyses of the four IL-1 family members in different tissues and 441
leukocytes from peripheral blood and head kidney in lumpfish showed that IL-18 is constitutively 442
expressed in all tested organs. This is similar to other studies (reviewed in (7)). Upon stimulation 443
of head kidney leukocytes with various PAMPs, there were no significant difference in expression 444
levels of lumpfish IL-18. Lack of differential IL-18 gene expression upon stimulation in vitro with 445
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PAMPs, recombinant proteins or pathogens has also been reported for other species such as trout446
(9) and sea bream (39). In chicken, IL-18 is a major growth factor for CD4+ T-cells and can 447
stimulate their IFN- -18 as an adjuvant in anti-viral vaccines has shown 448
promising results (2). IL-18 is involved in both T cell type 1 and type 2 responses (10). Much less 449
is known about the function and regulation of IL-18 in fish, but it has been suggested that 450
alternative splicing might regulate IL-18 activity (2). IL-18BP in human is a secreted protein with 451
high affinity for IL-18. IL-18BP is involved in down-regulation of Th1 responses, as well as 452
controlling Th2 cytokine responses (reviewed in (25). IL-18BP candidates from different species 453
of fish are present in public databases, but these have not yet been characterized functionally.454
Our results show that nIL-1F, like IL-18, was highly expressed in most organs. Upon 455
exposure to various PAMPs, the expression pattern to nIL-456
highly upregulated upon stimulation with flagellin and CpG. Studies from other species have 457
shown that nIL-1F inhibits expression of IL- s expression of pro-inflammatory 458
cytokines, suggesting it is an antagonist of IL- (13). Antagonistic effect of nIL-1F has also been 459
demonstrated in grass carp where it binds to IL- s IL-460
HKL (14). The other fish specific IL-1 family members, IL-1Fm2, was expressed at low levels in 461
most studied organs in lumpfish and stimulation with different PAMPs did not cause significant 462
differences in expression levels. Weak induction of IL-1Fm2 upon PAMP activation has also been 463
shown in gilthead seabream (11) and Japanese flounder (12). The function of IL-1Fm2 is not fully 464
understood, but it plays a role in innate immunity activating respiratory burst activity of phagocytes 465
(11). Down-stream signaling of IL-1Fm2 has not yet been investigated, but crosstalk between Toll-466
like receptors (TLRs) and IL-1Fm2 has been suggested by (11).467
Our phylogenetic analysis confirms that lumpfish possess all perciform IL-l ligands. In 468
addition, it demonstrates that only Neoteleostei species (including Acanthopterygii, lanternfish, 469
lizardfish and oarfish) possess IL-1Fm2. This gene is possibly a paralog of a last common ancestor 470
(LCA) leading to IL- salmoniforms, as it is the sister group to the IL-1Fm2 clade, and a case 471
of neofunctionalization leading to the creation of a new gene. Alternatively, since only type II IL-472
that IL-1Fm2 is an equivalent473
to type I IL- Protacanthopterygii/EOO. Further, the nIL1-F1 clade contains members 474
from Sarcopterygii (Latimeria chalumnae) and Chondrichthyes (Callorhinchus milii), and is placed 475
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between the IL- -18 clades, indicating that this is an old gene that stems back to before 476
the spilt of Eugnathostomata (approximately. 430 mya) and the development of the adaptive 477
immune system. It is likely that the tetrapod lineage has lost the nIL-1F gene somewhere along its 478
evolution. Interstingly, the Neoteleostei clade is placed closer to the Euteleostomorpha clade than 479
the Elopomorpha/Otomorpha/Osteoglossomorpha clade, displaying that the Otomorpha clade is 480
evolutionarily more distant to most teleosts than the ghost shark and lobe-finned fishes, in terms of 481
nIL-1F homology. It is therefore likely that Otomorpha nIL-1F gene possesses traits that are not 482
necessarily consistent with other teleost nIL-1F traits. Moreover, our analysis supports that the 483
type-division between the IL-484
member are members of Otomorpha.485
In the current study, we have also identified six IL-1R like receptors; IL-1R1 (two 486
transcripts), IL-1R2, IL-1R3, IL-1R4, IL-1R5 and IL-1R9 in addition to a double Ig IL-1R related 487
molecule (DIGIRR). Differential gene expression analyses of lumpfish HKL exposed to V. 488
anguillarum, showed that both transcripts of IL1R1, IL1R2 and IL-1R3 were significantly 489
upregulated. Of these, IL1R2, which is a negative regulator for the IL-1 system, was most highly 490
upregulated (18-fold upregulated). It is of major importance to balance amplification of innate 491
immunity and uncontrolled inflammation that can lead to diseases (reviewed in (20, 40)). In 492
mammals, IL1R2 negatively regulates IL-1 activity by different mechanisms (reviewed in (41)). In 493
short, it can act as a decoy receptor for IL-1 (both IL-1 and IL- –negative 494
molecule and scavenger. Also, IL1R2 can bind to proIL-1 and proIL-495
avoid processing by caspase-1 and thus activation. Another negative regulator of the IL-1 signaling 496
in mammals is the receptor called single Ig IL-1R related molecule (SIGIRR, also known as TIR8/ 497
IL-1R8). SIGIRR is also present in ancient vertebrates such as zebrafish (42). However, some fish 498
such as green spotted puffer, Japanese puffer and three-spined stickleback do not have SIGIRR, 499
but have instead a related receptor with two Ig domains called double Ig IL-1R related molecule 500
(DIGIRR) which is a negative regulator of IL-1 signaling similar to SIGIRR (37)). In lumpfish, we501
found a DIGIRR candidate with two Ig domains and the conserved amino acids A L similar to 502
other DIGIRR sequences. An understanding of how production of cytokines is regulated, through 503





In the current study, we have identified and characterized members of the IL-1 family of cytokines, 508
as well as their receptors and down-stream signaling pathways. Our data constitutes an important 509
foundation for further elucidation of cytokine functions, protein-protein interactions and the 510
underlying mechanisms for regulation of these molecules in lumpfish. In-depth knowledge of the511
innate and adaptive immunity will contribute to increased welfare of lumpfish as it forms the basis 512
for development for immune prophylactic measures. Furthermore, genomic and transcriptomic 513
data of lumpfish is also of interest as it represents a phylogenetic group (Cottales) that is usually 514
not included in comparative and phylogenetic analyses.515
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Figure legends636
Figure 1. Overview of NF- and MAPK signaling pathway in lumpfish. (A) NF-637
pathway (modified from KEGG map  04064) and (B) MAPK signaling pathway (modified from 638
KEGG map 04010).The colors of the boxes refers to the respective gene’s differential expression 639
upon bacterial exposure and whether or not they are present in the lumpfish transcriptome.: grey –640
not present, a scale ranging from deep blue (very negative, log2 fold change = -10), through white 641
(neutral, log2 fold change = 0), to brown-red (very positive, log2 fold change = 10) refers to the 642
differentially expressed genes at 24 hours. All genes that are identified in lumpfish, but not 643
significant (adjusted p-value > 0.05) regulated is shown as white boxes. Differently regulated 644
transcripts of the same gene are represented with horizontal bars within the respective gene-box. 645
The 11 most regulated genes at 24h are shown in the Tables in the Figure. See Supplemental Table646
2 and 3 for a full list of DEG at 6 and 24 h post bacterial exposure. 647
23
Figure 2. Molecular characterization of IL-1 ligands. (A) Domain and cut site prediction of IL-1 ,648
IL-18, nIL-1F and IL-1Fm2. The x-axis is the number of amino acids from N-terminus to C-649
terminus of the proteins. IL-1 family domain is defined as IPR00097, IL-1 propeptide as IPR00302 650
and PDZ domain by IPR001478. (B) Exon/intron structure of the IL-1 ligands. Black boxes are 651
non-coding exons, white boxes are coding exons. Red exon indicates remnants of the deleted exon 652
in lumpfish IL-1Fm2. Thin lines are introns. Dotted lines are not to scale. (C) Non-coding exons653
(black boxes), coding exons (white boxes) for selected IL-1 -1Fm2654
sequences. Roman numerals represent intron phases.655
Figure 3. Synteny analysis of type II IL-1 IL-18, nIL-1F and IL-1Fm2. Schematic diagrams 656
showing the genomic regions containing the IL-1 ligands. Lumpfish sequences are compared with 657
Japanese medaka, stickleback, turbot, zebrafish, platyfish and human. Conserved genes in the IL-658
1 -18 locus in humans are shown for comparison. The IL-1 family ligands are shown in 659
black boxes. Identical genes have same color.660
Figure 4. Phylogenetic tree of IL-1 IL-18, nIL-1F and IL-1Fm2. All full-length fish IL-1 ligands, 661
and the human and mouse IL- -18 sequences, are included. The phylogenetic tree was 662
made using maximum likelihood as described in material and methods. Phylogenetic distance is 663
indicated by branch length. Bar indicates distance of 1 substitution per amino acid site. A detailed 664
phylogenetic tree which include sequence information (species and accession numbers) and 665
bootstrap values (>80%) of 100000 iterations is shown in Supplemental Figure 5 and listed in 666
Supplemental Table 4.667
Figure 5. Tissue distribution of IL-1 ligand family members. Mean Normalized Expression (MNE) 668
of the IL-1 ligands are shown relative to the reference gene (RPS20), plotted on a log10 scale. Error 669
bars denote 1 standard deviation (SD).  HKL – Head Kidney Leucocytes and PBL – Peripheral 670
Blood Leukocytes. (A) IL- (B) IL18. (C) nIL-1F. (D) IL1-Fm2. (E) Tissue-independent 671
expression of IL-1 ligands. Single letters= measurement that is statistically different the other.672
Figure 6. Gene expression of IL- -18, nIL-1F and IL1-Fm2. (A) Correlation between log10 673
qPCR and RNA seq data of the IL-1 family members. (B) qPCR analyses of the IL-1 family 674
members upon stimulation with various ligands.  Error bars denote 1 standard deviation (SD). Stars 675
24
denotes significant change compared with control (* P < 0.05, ** P < 0.01, *** P < 0.001). The 676
control is set to 1.677
Figure 7. IL-1 receptors. (A) Phylogenetic tree including IL-1 receptors identified in lumpfish and 678
in other species. Accession/trinity numbers of the sequences and bootstrap values are shown in the 679
tree. (B) Schematic figure of full-length IL-1Rs identified in lumpfish transcriptome. The following 680
domains are identified by interproscan: TIR domains (IPR035897) = pink, immunoglobulin 681
domains (IPR007110) = red,transmembrane domain= light blue,  signal peptide= dark blue. The 682
IL1R3b sequence is not completely full-length, lacking about 10 amino acids in the N and C 683
terminals. (C) DEG analysis of IL-1 receptors in lumpfish upon bacterial exposure. The color of 684
the boxes reflects the DEG-value. Brown = upregulated, blue= downregulated.685
Supplemental Figure 1. IL1 alignment. Alignment of IL-1 sequences from human, mouse and 686
teleosts, including the lumpfish sequence. Underlined amino acids are members of the IL-1 family687
signature. The purple horizontal line indicates the mammalian caspase 1 cut site. -sheets are 688
indicated by grey boxes.689
Supplemental Figure 2. IL18 alignment. Alignment of IL-18 sequences from human, mouse and 690
teleosts, including the lumpfish sequence. Underlined amino acids are members of the IL-1 family691
signature. The first purple horizontal line indicates a teleost cut site identified in Zou et al. (2004). 692
The second purple horizontal line indicates the mammalian caspase 1 or 4 cut site. Regions that 693
contain -sheets are indicated by grey boxes.694
Supplemental Figure 3. nIL-1F alignment. Alignment of teleost, including lumpfish, IL-1695
sequences. Underlined amino acids are members of the IL-1 family signature. The purple 696
horizontal line indicates the caspase 1 cut site predicted in the lumpfish sequence. The blue697
horizontal lines indicate the thrombin cut sites predicted in the lumpfish sequence. -sheets are 698
indicated by grey boxes.699
Supplemental Figure 4. IL-1Fm2 alignment. Alignment of teleost, including lumpfish, IL-700
1Fm2sequences. Underlined amino acids are members of the IL-1 family signature. -sheets are 701
indicated by grey boxes.702
25
Supplemental Figure 5. Phylogenetic tree of IL-1 ligands with accession numbers. The colors of 703
the clades are similar to Fig. 4. Bootstrap values >80 % (of 100000 iterations) are shown in the 704
tree. The lumpfish sequences are written with red letters.705
Supplemental Figure 6. Nucleotide and deduced amino acid sequences for lumpfish IL-1 . gDNA 706
specific sequence is represented with lower case, cDNA sequence with upper case and cDNA 707
sequence is represented with bold letter. Intron-exon boundaries (gt and ag) are encircled. 708
Supplemental Figure 7. Nucleotide and deduced amino acid sequences for lumpfish IL-18. gDNA 709
specific sequence is represented with lower case, cDNA sequence with upper case and cDNA 710
sequence is represented with bold letter. Intron-exon boundaries (gt and ag) are encircled.711
Supplemental Figure 8. Nucleotide and deduced amino acid sequences for lumpfish nIL-1F. 712
gDNA specific sequence is represented with lower case, cDNA sequence with upper case and 713
cDNA sequence is represented with bold letter. Intron-exon boundaries (gt and ag) are encircle.714
Supplemental Figure 9. Nucleotide and deduced amino acid sequences for lumpfish IL-1Fm2.715
gDNA specific sequence is represented with lower case, cDNA sequence with upper case and 716
cDNA sequence is represented with bold letter. Intron-exon boundaries (gt and ag) are encircled.717
718
Table 1. Primers used for qPCR, PCR and Sanger sequencing.719
Gene Primer name Sequence 5’-3’ Application
RPS20 RPS20_F GGAGAAGAGCCTGAAGGTGAAG qPCR
RPS20_R GAGTTTTCCTGGTGGTGATGC qPCR
IL- IL- GACGGCGAGAAGCGGACCATAG qPCR
IL- TCAGGACAACTTTCTTGAGGTCAG qPCR
IL-18 IL-18_F CCACCACAAGGCGCTGTTCTACA qPCR
IL-18_R AGGCGGAGGACTCGAACTCGTA qPCR
IL-18intr_F1 CTGTTTCTTTCCAGAGTGCAAGTT PCR and Sanger seq.
IL-18intr_R1 TCCACCTCGTCTTTGGCTTTTTC PCR and Sanger seq.
nIL-1F nIL-1F_F CAAGTCCAACTGCTTCCTCCG qPCR
nIL-1F_R ATCTTCTTCAACCTCTGCTTCTCG qPCR
nIL-1F_F353 ATGCAAAGCGGAAGCACAGACG PCR and Sanger seq.
nIL-1F_R354 AAGTCTGAATGACGAAGAGGAACGATT PCR and Sanger seq.
nIL-1F_F355 ACAGACGCACTGGGGGCTTTTA Sanger seq.
nIL-1F_R356 TGAATGACGAAGAGGAACGATTC Sanger seq.
nIL-1F_F357 ACAGTACTCAGTTTCAGCATGGAGATG Sanger seq.
26
nIL-1F_R358 ACCTCCTCTTGGAACGAGCATCACCT Sanger seq.
nIL_1F_R360 AACGAGCATCACCTCGCTGGATT Sanger seq.
nIL-1F_F422 CACATCCATCAGTGTCAGTGGCCTCTCAGTCCTAC PCR and Sanger seq.
IL-1Fm2 IL-1Fm2_F GAACATCAGCGACCACGAGGACAT qPCR
IL-1Fm2_R CAGGGACTCGAAGGTGTTCAGGGA qPCR
IL-1Fm2intr_F156 ATGAGCGACTTTGATCTGTCTCAAGC PCR and Sanger seq.
IL-1Fm2intr_F362 TCGTCACGGCGACACAGAACT PCR and Sanger seq.
IL-1Fm2intr_R363 ATCATAATGGAAACCTTCAAGCTGCACTAAA PCR and Sanger seq.
720
Table 2. qPCR assays721
Target Y R2 E qPCR-
product (bp)
RPS20 -3.30 0.999 2.01 74
IL- -3.45 0.999 1.95 97
IL-18 -3.27 0.999 2.02 71
nIL-1F -3.40 0.998 1.97 90
IL-1Fm2 -3.51 0.999 1.93 85
722
Table 3. Overview of the IL1-family receptors identified in lumpfish723
Name* Alias
Lumpfish
Gene-ID BLAST hit gene BLAST hit specie E-value Acc.no
IL-1R1 IL-1R1a
TR84990|c3
interleukin-1 receptor type 1-
like isoform X1
Monopterus albus 0 XP_020469769.1
IL-1R1b
TR22841|c1
interleukin-1 receptor type 1-
like isoform X2
Lates calcarifer 0 XP_018551896.1






accessory protein-like 1 isoX3
Monopterus albus 0 XP_020447933.1





Lates calcarifer 0 XP_018539216.1
IL-1R9 TIGIRR-2 TR47117|c0
Interleukin-1 receptor 
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IL-1 propeptide IL-1 signature sequence Thrombin 1 cut site Caspase 1 cut site
Figure 2
 IL-1




 IL-1Fm2 1394 338













250 500 750 1000 1250 1500 1750 2000 22500
bp





Rainbow trout IL-1 1
Type II, IL1
Rainbow trout IL-1 3
Zebrafish IL-1
Type I, IL1
50 98 2 44 70 178 162 140 228 83479 1405 186 21171518
II 0 I I 0
151 132 4 32 52 223 186 140 213 1024611 371 157 112255
II 0 I I 0
102 288 16 33 202 180 134 231 445834 235 461155
0 I I 0
81 198 16 33 205 171 134 219 335487 474 461513
0 I I 0
75 414 33 213 164 136 245 843400 921 128
I I 0
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I I 0
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M A E V P E L A S E M M A Y Y S G N E D D L F F E A D G P K Q M K C S F Q D L D L C P L D G G I Q L R I S D H H Y S K G -
M A T V P E L N C E M P P F D S - D E N D L F F E V D G P Q K M K G C F Q T F D L G C P D E S I Q L Q I S Q Q H I N K S -
- - - - - - - - - - - - - - - - - - - - - M D F E S N Y S L I K N T S E S A A W S S K L P Q G L D L E V S H H P I T - - -
- - - - - - - - - - - - - - - - - - - - - - - M E S - - - - V R E S N G S G A W S P K M P Q G M D F E I S R H P L T - - -
- - - - - - - - - - - - - - - - - - - - - - - M E S - - - - K M Q C N V S Q M W G P K M P Q G L D L E I S H H P M T - - -
- - - - - - - - - - - - - - - - - - - - - - - M E S - - - - E M K C N M S E M W R S K M P Q G L D L E I T H H P L T - - -
- - - - - - M D F D L A D A L P S S C S S M E F E T K Y H L P D A K S G P E M E R C G L H A G L S L D L E V I L Q H R G G
- M A C G Q Y E V T I A P K N L W E T D S A V Y S D S D E M D C S D P L A M S Y R C D M H E G I R L E M W T S Q H K - - -
- - - - - - - - - - - - - - - - - - - - - M A F Q C E Y S S M K Q T T S S E H W S D R M P Q G M D L E I T N H P L T - - -
- - - - - - - - - - - - - - - - - - - - - - - M E S - - - - Q M K S N E S K M L Q S Q M P E G L E L E I T H H P L T - - -
- - - - - - - - - - - - - - - - - - - - - - - M E S - - - - E M K C N V S D T W S P K M P E G L D F E V S H H P L T - - -
F R Q A A S V V V A M D K L R K - - - - - M L V P - - C P Q T F Q E N D L S T F F P F I F E E E P I F F D T W D N - - - -
F R Q A V S L I V A V E K L W Q - - - - - L P V S - - F P W T F Q D E D M S T F F S F I F E E E P I L C D S W D D D D - -
M R H I A N L I I A M E R L K G - - - - - - G E G V T M G T E F K D K D L L N F L L E S A V E E H I V L E L E S A P P A S
M K Q V V N L I I A M E R F K G - - - - - D G S E L L M S S E F R D E D M L N I M L D G L V E E E I V T L C S S P P - - -
M R R V V N L I I A M E R L K D - - - - - G A S E A V L S T S F R D E S L L N I M M E S I V E E H I V F E R S S S P - - -
M R R V V N L I I A M E R L K G - - - - - F S S E T L M S T E F R D E N L L N I M L E S I V E E K I V F E R G T T P - - -
M R Q V A H L V I A L H R M K N P F Q K S D S T H T S M D M E C T D E Q F C S I I M D N L V E E C V M V P M Q E P M G - -
M K Q L V N V I I A L N R M K H - - - - - I K P Q - - - S T E F G E K E V L D M L M A N V I Q E R E V N V V D S V P - - -
M R Q V V N L V I A M D R L K G - - - - - S Q S E K V Q S S E F R D E D L L N L L L E N A L D E Q L V L E L T E A A P - -
M K S V V N L V I A M E R L K G - - - - - N R S E S L L S T E F R D E N L L S M M M D T I V E E Q I V F E R Y S A P P - -
M K Q V V N L I V A M E R F K - - - - - - - G S E S L T S T E F R D E D L L S M M L D S F M E E E I V F E L G S A P - - -
- E A Y V H D A P V R S L N C T L R D S Q Q K S L V M S - G P Y E L K A L H L Q G Q D M E Q Q V V F S M S - F V Q G E E -
- N L L V C D V P I R Q L H Y R L R D E Q Q K S L V L S - D P Y E L K A L H L N G Q N I N Q Q V I F S M S - F V Q G E P -
R R A A G F S S T S - Q Y E C S V T D S E N K C W V L M N E A M E L H A M M L Q G G S S Y H K V H L N L S S Y V T P V P I
- - H L Q I S W T G - E Q Q C S I T D Q E K R S L I R V P N S M Q L H A V M L Q G G S E A K K V L M T M S A Y L H P A P -
- - P D Q F S R T G - V Y P C N I S D S Q K R N F L L V Q N S M E L H A V M L Q G G S D N R K V L L N M S T Y V H P S P -
- - T A Q Y S K R R - E V Q C S V T D S E K R S L V L V P N S M E L H A V M L Q G G S D R C K V Q L N M S T Y L D R T P -
- - A G T F E Q I G S P E Q Y S L C D H H Q K S L V Y C H R T M E L K A V T I Q G G N - N R R A R F N L S K Y S N A S T T
- - - - S Y N K T K N V L Q C T I C D Q Y K K S L V L S G G S P H L Q A V T L R A G S S D L K V R F S M S T Y A S P S A P
- - P R G F T A I E P S Q Q C M L R D H Q K R S M V L V K E A M G L H A I R L Q G G T T D H E V S L N M S T Y L D P R P -
- - V Q K Y M R M S - M Q E Y S V S D S E K R S L I R V P D S M E L N A V M L Q G G S E C R K V N L N L S T Y V H L E S -
- - Q P Q I R W T G - E E Q C S L N D G E K R T I V R V Q N S M E L H A V M L Q G G S D L K K V V L N M S T Y L N P A P -
- S N D K I P V A L G L K E K N L Y L S C V L K D D K - P T L Q L E S V D P K N Y P K - - - - - - - - - K K M E K R F V F
- S N D K I P V A L G L K G K N L Y L S C V M K D G T - P T L Q L E S V D P K Q Y P K - - - - - - - - - K K M E K R F V F
- E T E A R P V A L G I K G S N L Y L S C S - K S G G R P T L H L E E V A D K D Q L K - - - - S I S Q Q S D M V R F L F Y
- S V P G Q T V A L G I R G T N L Y L C C R - K D G A E P T L H L E A V E D R S T L S G A D T S I G V N S D L V R F L F Y
- T I E A R P V A L C I K D T D L Y L S C H - H E D G V P T L H L E P V E D K T S L K - - - - T I T R E S E M V R F L F Y
- S A E A Q T V A L G I K G T N Y Y L S C H - K D G E E P T L H L E V V - D K A S L A - - - - N I T S D S D M V R F L F Y
T T N Q A L P V V L G I D K W K L S C S K Q - T D S A T P V V Q L E C C E D Q L T T I R - - - - - - A H E K T V R F L F Y
- A T S A Q P V C L G I S K S N L Y L A C S P A E G S A P H L V L K E I S G S L E T I - - - - K A G D P N G Y D Q L L F F
- S A S A Q P V A L G I R G T K L Y L S C T - Q K A D R P T L H L E E V E N T D D L K - - - - S I S K D S D M V R F L F Y
- S I N A Q T V A L G I R G T N F F L S C H - K D G E E P T L H L E A V E D K E Q L S - - - - S I S S D S E L V R F L F N
- G V E G R T V A L G I K D T N L Y L S C R - K D G D T P T L H L E A V E D R T M L S G S D T S I S L D S D M V R F L F Y
N K I E I N N K L E F E S A Q F P N W Y I S T S Q A - - E N M P V F L G G T K G G Q D I T D F T M Q F V S S - - - - - - -
N K I E V K S K V E F E S A E F P N W Y I S T S Q A - - E H K P V F L G - N N S G Q D I I D F T M E S V S S - - - - - - -
R R N T G V D I S T L E S A S F R N W F I S T D M Q Q D Y T K P V D M C Q K A A P N R L T T F T I Q R H N - - - - - - - -
R Q D T G V N N T T L M S V A Y Q N W Y I S T D N R Q - D N K P L A M C L K T S P - R S Q V F S I R E E V E R S S A P R V
K R D S G V N I S T L M S A R F P D W Y I S T S E Y - - E N R P V M M C Q E S A Q - S Y Q T F N I Q R Q S - - - - - - - -
K Q D S G L N I S T L T S V P F S N W Y I S T A E E - - N N R P V Q M C Q E S A R - R H R A F N I D N L K V D P T T E D Q
K N T T G F S L T T F E S A M Y P G W F I S T S P E - - P S Q P I E M C Q K Q D A R K L I N F M V K N - - - - - - - - - -
R K E T G S S I N T F E S V K C P G W F I S T A Y E - - D S Q M V E M D R K D T E - R I I N F E L Q D K V R I - - - - - -
R T D I G V S A S S L V S A L H S G W Y I S T A T E - - D N L P V E V C L Q S E S - R Y R S F T I L Q G - - - - - - - - -
K H I T G I N L C T L V S V P Y S D W Y I S T A V E - - E N K P V E M C L E S A Q - R N T I F T L L A L K K T P T C E E G
R Q D T G V N I S T L M S V A Y Q N W Y V S T A Q R - - N N L P L A M R L K S S N - H S Q I F S I R E E V E H Q S - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
D S A - - - - -
- - - - - - - -
V C P L L N G Q
- - - - - - - -
- - - - - - - -
- - - - - - - -
P F - - - - - -


































































































































M A A E P V E D N C I N F V A M K F I D N T L Y F I A E D D E N - - - L E S D Y F G K L E S K L S V I R N L N D Q V L F
M A A M S - E D S C V N F K E M M F I D N T L Y F I P E E N G D - - - L E S D N F G R L H C T T A V I R N I N D Q V L F
- - - - M A T N C C S P V K F Y C L N E K T F Y F V D A E T D G D L V D D S F A K S V Y Q A C G L L I R G N N N K F L V
- - - M A A N N - S N F V T F L H A T E T A F Y F E E L D K - - - - - - D G F - L Y K S D F Q K - W I K S K D N K F L I
- - - M A S S S E C K C V E F A V V D K E D I F F Q V E H D D L E S - - D D F Q K E T R K C F Q K M I Q I K N N R F L V
- - - M A S N S E C K C V E F A I V D K E D I F F Q V E H E D F E L - - D D F K K E T K K C F Q K M I K I K N N R F L V
- - - M A T S S - C S P V T C V G T L T D A F Y F K V G A A G T D V V D D S F N I S K H S L P S C W V Q S K D N K F L L
I D Q G N R P L F E D M T D S D C R D N A P R T I F I I S M Y K D S Q P R G - - - M A V T I S V K C E - K I S T L S C E
V D K - R Q P V F E D M T D I D Q S A S E P Q T R L I I Y M Y K D S E V R G - - - L A V T L S V K D S - K M S T L S C K
L S D - E N E F K A Q - - - - T L T G T Q P E C K F N I Q F Y N D S T L D G R N G R P V M L Y A N K A N G K K M M A S C
L N E - S A E F Q C Q N L S I Q E Q E Y Y P E N K L H V C V Y K N S D K M G - - K M G V I L Y T C K D - Q K K V V L C C
V D E - D V L K F K E - - R N K E Q C K A D D C R F N I Q Q Y K N N D I A K A N G I A V I L P V T S P - C K Q T Y M V C
V D E - E G L K F K E - - R N K E Q C K A D D C R F N I Q V Y R N N D I D R P R G S A V I L S V T S P - C K Q T Y M V C
L N S - E H Q F Q V Q N L T S Q Q L N Q - P E C K F K I Q I Y F D F E R G G E E K R N A A M L Y V K S E G K N V V A C C
- - K E R D L F K L I L K K E D E L G D R S I M F T V Q N E D - -
- - K E D D A F K L I L K K K D E N G D K S V M F T L T N L H Q S
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
D S N N Q T L N K V I L R H K E Y D D V D E T C H V I M S - - - -
A G P D A E L I K L V L R Q V P K D V V D E N S K M R L L T C - -
D G P E A A L M K L V L R K V H K D - V D E N C S M D L L T C - -
D G C D P S L V K L V L H E K A K D E V D E S C H V I L C R - - -
N - - - - - - K I I S F K E M N P P - - D N I K D T K S D I I F F Q R S V P G H D N K M Q F E S S S Y E G Y F L A C E -
N - - - - - - K I I S F E E M D P P - - E N I D D I Q S D L I F F Q K R V P G H N - K M E F E S S L Y E G H F L A C Q -
N - - - - D R H E I V P E E M E Q L P - - - - A D N N R I A S V M Q K R S P Q L I D S I L E T G L E G L S C F I G F - -
S - - - - D K L E I H P V E M D I S - - H D I A E K A H K A L F Y L E R I T E G - - C Y L L E S S L Y P S M F L A F E P
C - K N G D Q E G V S A K P L E Q P L P D Y I G C S K H E A V F F M E V I P G T S - Q Y R F Q S S L R T S S Y L S F E -
C E K N G D Q K A V S A K P L E Q P L P D Q I G S S K H E A V F F M E L I P G T S - Q Y R F N S S L W C S W Y L S F E -





























































- - - - - - - - - - - - - - - - - - - - - M D Q - - T D S S V N G G V L I V H Q V H E G K H Q Y E V E N V Y K K Q I - - - G K K - - M F V R R
- - - - - - - - - - - - - - - - - - - - - - - M D I T D S P V K G G I S I L H T E E D G K H H Y E V E K I L K F K K G - - G Q G G G A F A S E
- - - - - - - - - - - - - - - - - - - - - - - M D Q K D S K V Q G G L F I T H K I H E G K H Q Y E V E N V V K C K R G V Q G S R L P G T S L R
- - - - - - - - - - - - - - - - - - - - - M D L A C Q D A V V K G G V L I A H H I R E G K H Q Y E V E N V R F K K A - - - S E K - - A F V R R
M H N L K H M T V P G S D F Q V L S E N P L T V R N V E S E V K G G L F L S H K L H E G N H Q Y E V E N V M K Y K N - - - G S G E K T F A R R
- - - - - - - - - - - - - - - - - - - - - - - - - - - D S T V K G S V L I R H Q L H E G K H H Y E V E E V V K Y Q T - - - K T D - - - - - - R
- - - - - - - - - - - - - - - - - - - - - M D T - - K E S L V K G G V L I A H K I N E G K H Q Y V V E N V V K Y K N - - - D N G G K L Y V R K
- - - - - - - - - - - - - - - - - - - - - M D R - - Q Q S F P D G G V F I S H H L C E G K H Q Y K V E K V V K S K N G - R G G K M F G S F S K
- - - - - - - - - - - - - - - - - - - - - - - M A A E G S P V C G G V K L F H T E C A G K H L Y E V K G F L N H N K G - - - - - - - M F T S T
- - - - - - - - - - - - - - - - - - - - - M D L - - E D S M V K G G V L I V H H V H E G K H Q Y K V E N V K Y K R A - - - C D K - - A F A R R
G D R L M Q I N G V D L Q D L P P E Q L A E M L A E G N P M L L V H K Q S N K K - - - - - - E H E E L P S S D D N T L Y A V S K E S K M L S F
G D K L L T I N G V D L Q D L S P E A F A K I L T E G N P M L T V H Q A S R A P - - - - P P E R C P E E G A E A R A L H P V S K E N T I L R F
G D K L M Q I N S T S L H D V T P E E L A Q M L T E E S P K L T V Y R M K D A P - - - - - - - - - K N P F Q S E D V L Y P V S K E S V L L R F
G D K L M Q L N G K D L Q D V T P E E L A E S L A K D N P M L T V H K A C K K K - - - - - - K P T E Q F F S A E D T L Q P F S K E S T V L S F
G D K L M Q I N S M S L C D V T P E E L A Q M L T E E N P K L T V Y S M K D H L - - - - - - - - - K E P V Q D D D V F Y P V S K E S T I L S F
G D K L T E I N G V D L R D L E P E E L A K M I A E G N P L L T F L F P Q S V Q K R E K Q S E K E E Q L P L D E D T L Q P Y D K E S T V L S F
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Eggestøl et al. 2019
  1 GCACAGACAGGCAGAACAACAGGCGACAACAGGACGACTGCTTCCACCTGAACCAAAACA 60 
 61 CAGACTACTTCAACAGgtgcgttgacttttcttctcgtttttctcttgatctggagcaga 120 
121 tttcaaacagggtctttgcttctcttactttgacaggacacattcagtgagttgtgttgt 180 
181 tgttgttgttgttgttgttgtcattaataaactagtaactagaggatttattatgtttct 240 
241 gtttgaaccgcatccaggaagcgtggtcctatcaggttttgacacagcagtgagttcttt 300 
301 atcactgcagcagcttttaagagctgagagtaaaacgaggaacaattttatgtcagtgta 360 
361 aataaagataaaggtaaataaattgggggaaaagatagttttttttttttttttttaaac 420 
421 agaaaatccagctgttatttccctaaatgttccgtgtttaaatgacactgtaaatgtctt 480 
481 tttcttgcagCTTTAAAAAAATTTAAAAAAAACCCAGAAAAAGATGGAATCCGAGATGAA 540 
                                               M  E  S  E  M  K  
541 ATGCAACGTGAGCGACACGTGGAGCCCCAAGATGCCCGAGGGCCTGGACTTTGAGGTGTC 600 
     C  N  V  S  D  T  W  S  P  K  M  P  E  G  L  D  F  E  V  S  
601 CCATCACCCGCTGACGATGAAGCAGGTGGTGAACCTCATCGTCGCCATGGAGAGGTTCAA 660 
     H  H  P  L  T  M  K  Q  V  V  N  L  I  V  A  M  E  R  F  K  
661 GGGCTCAGAATCCCTGACGAGCACCGAGTTCAGAGACGAGGACCTGCTCAGCATGATGCT 720 
     G  S  E  S  L  T  S  T  E  F  R  D  E  D  L  L  S  M  M  L  
721 GGACAGCTTCATGGAAGgtaatggaggaggctttacttcagctggtttttctctgtcccc 780 
     D  S  F  M  E  E                                            
781 aactccaaaaaaaggtcccgaaaaagctaaataaatctgtctatgtaagtcctctaccat 840 
841 cagggacagtggggagtggcttattgatatgtttgtgttggccttcgctcagctgtccat 900 
901 cccagatccactttccttcaattattgctttgtttgactgacgttctgttgcacctaaaa 960 
961 aaacggtacatctgcatgaaatagttgttaatctgcagtaaattacccagacaggtttct 1020 
1021 catatttctggtggtcaacgctcactcgagcaagaagagaggaaatctgtggctttattt 1080 
1081 atttttttgtgtgtgtgtttttttttttttaattcctgctgcttccttttccctcagAGG 1140 
                                                              E 
1141 AAATTGTGTTCGAGCTCGGTTCAGCTCCCCAACCTCAGATCAGATGGACGGGCGAGGAGC 1200 
      I  V  F  E  L  G  S  A  P  Q  P  Q  I  R  W  T  G  E  E  Q 
1201 AGTGCAGCTTGAACGACGGCGAGAAGCGGACCATAGTTCGGGTCCAAAACAGCATGGAGC 1260 
      C  S  L  N  D  G  E  K  R  T  I  V  R  V  Q  N  S  M  E  L 
1261 TCCACGCCGTGATGCTGCAGGGAGGCTCTGACCTCAAGAAAGgtgacgacttgtgacggt 1320 
      H  A  V  M  L  Q  G  G  S  D  L  K  K  V                   
1321 cggatcgttagaaaaacagaaagtgattctttttcaatttaggagacgaaaaaggttcgt 1380 
1381 tacagaaagctccacagtggggcccaaaacaagtagcatttaaaccctgataaaagagaa 1440 
1441 caatagattcaatgaaaaacacgtaaaactaaaacgggaacagttaaataagtatgaaag 1500 
1501 ctatcaaaaaaagctaaattataagttatagctaatgattttgtcaacattttaaaggtt 1560 
1561 aaatggtgtctttagctgaaagtaaacggacattggacggttttaaagatttgaagtttt 1620 
1621 cctccattggatcccattcattttctattccacaaataaattaagcattttaaaatgtca 1680 
1681 aaagatcaaaaatatatgaaaatatacagtattagttgaaggttctgtcaacgttttaaa 1740 
1741 atttaaagggtgtctttagctgaaagtatgaagattttatatgttttttaatttgaagac 1800 
1801 cttctccattgtgataccattcaaaaacataaccataaaagatttattataacaacattt 1860 
1861 gaaaagttagaatagatatagccatcgattaccaaaggagctgaatattttaatatttga 1920 
1921 acggtttctacagctgaaaatatgaaggaatagaagaggtccaaaatacgtacggaagaa 1980 
1981 atagaataagtttaataaagattaaaagaacaatagttggactgctgaagcattccaact 2040 
2041 aacaatgaacccaacatagcatacactagaatgttcccctttttaatcgtagcggaatag 2100 
2101 aagtataaagtagcaccactggtgtaactcatgatattggatcccttgcaagaaaatgca 2160 
2161 cttaaagtatcggcgtgtcagttttcaatcaaaatgaacctccgtcctctcttcgctcct 2220 
2221 cagTTGTCCTGAACATGTCGACGTACTTGAACCCGGCACCCGGCGTGGAGGGCAGAACGG 2280 
        V  L  N  M  S  T  Y  L  N  P  A  P  G  V  E  G  R  T  V 
2281 TGGCTCTGGGCATCAAGGACACAAATCTCTACCTGTCTTGCCGCAAGGATGGCGACACGC 2340 
      A  L  G  I  K  D  T  N  L  Y  L  S  C  R  K  D  G  D  T  P 
2341 CAACTCTGCACCTGGAGgtaaacgtcacgactcggtacaggatactgtcaccgcgttcgt 2400 
      T  L  H  L  E                                              
2401 cgcggcactatgtgaaagggcaacgcagggaccctttacgcagtggttgggcctgacctt 2460 
2461 taccccccctttttcccaccctcagGCCGTGGAGGACAGAACCATGTTGAGCGGATCGGA 2520 
                             A  V  E  D  R  T  M  L  S  G  S  D  
2521 CACGAGCATCAGCTTGGACAGCGACATGGTGCGATTCCTCTTCTACAGACAGGACACCGG 2580 
     T  S  I  S  L  D  S  D  M  V  R  F  L  F  Y  R  Q  D  T  G  
2581 GGTGAACATCAGCACCCTCATGTCCGTCGCCTACCAGAACTGGTACGTCAGCACTGCGCA 2640 
     V  N  I  S  T  L  M  S  V  A  Y  Q  N  W  Y  V  S  T  A  Q  
2641 GCGCAACAACCTGCCGTTGGCGATGCGCCTGAAGTCCTCCAATCACTCCCAGATCTTCAG 2700 
     R  N  N  L  P  L  A  M  R  L  K  S  S  N  H  S  Q  I  F  S  
2701 CATCCGAGAGGAGGTCGAACATCAGAGTTAAAAAGCCTGCCGGAGACACCCGCAGTGGGA 2760 
     I  R  E  E  V  E  H  Q  S  *                                 
2761 TGTGGACGTGCTTCCTCAGAGTTTGACCCTCTGAGGAAGCACGTTTCTTTGGGTGTATAC 2820 
2821 TGCACTTTTTATTGATTCAAGAATGCAACAAAGACGCTACGGCTGTCTGGTAACAAGTTG 2880 
2881 CGAGTGTTACAGAGCTTCTTATTCACCGTCTGTACCAAGTACAGGCAGTGAAATGCTTTT 2940 
2941 GTGTATTGACTTACGTCAACTTTTTACCAGAAGATGGCATCATCGTGCTTCTCTGGAGAA 3000 
3001 CACCCCTGTGTATTTATTGTGCCGAATGACACGCATGTTGATGCTTTTTATCTATTCATG 3060 
3061 TATTTATATATTTATGCGACGGTTTAATAATAATTTATGTATTTATTTGGACATCTGCGT 3120 
3121 ACTAACAATTATTTAAATGATGTGCAGCAACATATTTAATAAAGCCTTGTAACTTATTTG 3180 
3181 GATTTGTGTTTTACATTTGTTCACTCAAGACGTTGACTCAGGGAAATGATAAAGAACCTC 3240 
3241 TCAGTAGATTTTAGCTGCAGCCCATTTTTAGAGACAGTAATACTTCAGATTTTGAGCTGA 3300 
3301 AGTATAAAGTATAAATACTATTTCCACAACACACGGAGGATCAAAAATGGCAGTTTAGTT 3360 
3361 TTGACTTAGTCCTACTTGTACTTGTACTTTCGACTTTATACTGTATTTACGATTCAGAGG 3420 
3421 CAAATTATTATTGGATTTGATTTTAATAATTTAATCCAAATCTAAAAAGTAACTAATTGA 3480 
3481 ATAAATTATGATCAACAAATACATCTGGATGTATTTTTTATGGATTAAGATCAAACTTTA 3540 
3541 TTGATCCCCATGGGGAGAAATTCACAAGCGGTAT                           3574 
       1 CTTTGAAAAGCCAGGCAGAAAAGCAGGTGCAGTTTTTCCAAAAATTTACGAAACACTCGG 60 
   61 AGACCGTAACGCTTGCATCATAACAGACTGAAGCTGACCCTGCAGGgtaagttaaaaatg 120 
  121 ctgcctgacctggtgcaaagtgtgtttgcgtttgtcaacaaactaaagctgttcgaggcg 180 
  181 catattcaaaagggagatttaacacattttcatactctgctaaaagccagtgagcaagtc 240 
  241 accagcgccgccctgaaaagaaaagagacagatatgcaacactggttgcaaacctgcaca 300 
  301 aagctttgtgacccggttctgtgatctacaactgaaaagaccacagattatgttcctcgt 360 
  361 cgacccatttaatgcggagacagactgtttgaaagccccgctcgtcacagatgaggctgc 420 
  421 ggctgagttggagatgatcgacctttgtgaggaggatcaactgaaagctgttttaaggga 480 
  481 agggaccgttgagttctggaaaagtgtgccaattgaaaaataccccaacatcaaacgagc 540 
  541 tgcgcttaagatactgtccatgtttgggtcaacgtacgtctgcgagtctgtgttttctac 600 
  601 cctgaaacaaacaaatcaaagcatcgatctgttctgactgacactcatttgaaagaattg 660 
  661 cttagagtggcaacaacagaatacaagccagatttgaagaggattgttcaagataaggaa 720 
  721 tgccagaagtctcactaagcagcatagtaagagaaagatgttattgaaaattattctatt 780 
  781 attgtttgtttgaactgagagtgtgtgtgtgtgtgagacagtgcacacaatgttaactgt 840 
  841 tgaaaattactgatattatcatgttggtgtggttattttcattagatctggctgagcaga 900 
  901 ggtctgtgtatgcgtgcatacatgattaaaagatgatgttcttgtgtacccatgtgtatg 960 
  961 atgtggctctttgcagtaacgcagaaaaaaaagtggctcttagtctctgactagttggcc 1020 
 1021 acccctgccctatcctaacgtcttgacacacagtacattaacaacatatattataaaaaa 1080 
 1081 acatgttgtggttatgtccgacccacctgaatgtggaattccttcatcacctcagacagc 1140 
 1141 aaggggtcctgttcgacatcaagttggcagccggtggcgagccagatcatatctccagtc 1200 
 1201 cagtggccccccagtgctgagtgagaggctccaggcctggctcctgtagcaccagctggc 1260 
 1261 ttcactcacctggacagtcgcatgagattgatgtaaaaaccttccattcaccacactctc 1320 
 1321 aacttcacgcccatgctccgctacctgacagtacgtcttcatgtccacccgtccattcag 1380 
 1381 gatgaacggctgcaggtgggacgtaggcctccggggtgacggctcctcctttcctcgcct 1440 
 1441 ggcgaatcatagccaggcgtttgtggaggctccgctcattgtagaactgcctcaggtagg 1500 
 1501 cttggccatccatcttgatgccgtgctccacgtgggagtaacggcccaccaggctctcca 1560 
 1561 cgtcgcccacgtcaaactgctttaactgcaggagaaacaacgaggacctgatgcgcttgt 1620 
 1621 gctggaggccgacagctatatctacagttatggtctgcatgcagcttcacactgtcacta 1680 
 1681 gacctggaggtgcttcctcatgacccatgtcacacggctggcaccttgctgcagggcaat 1740 
 1741 tgagacgacatgagcgctggtcagacctccaccaactaccattactctctgccctgcctc 1800 
 1801 acacactacacacacgtctacacacacaaacagcacttgtaaaggaaaattgtgcgacga 1860 
 1861 ggacgggggatcaaatcaaaaacctcaggtgaaagcaacgttttattgattattctgcaa 1920 
 1921 aaaacaaaaaaacactagtaaatgggcattgagtctgaaaaagaaggcctaaatattgtt 1980 
 1981 tccctgcagagtttttctgtattattgtgatgtgacataatgctcagaggaaagctgact 2040 
 2041 taccttgagtgggaaaagtgtctttctgtttttgccgagcggttggcagctggtgcatga 2100 
 2101 ggtgcactgtgtgttgcaagcgctcctctgggtagctctctgcaatgcttttcacccatg 2160 
 2161 aagggatgtttgccatctgggcacgggtcggacctgtcgccataacgacctggcgggctt 2220 
 2221 ttagggacgatgccctcttgaaggtggacttgaaaatacctcaccctcttcctttcggtc 2280 
 2281 actctcttggcttcacactcagccctgtcctccaccacgggggcgatgtgctccactgtt 2340 
 2341 cccttcagcagcactttgtccaagttgtatctctccacctgtatgttcagattcactagc 2400 
 2401 tcagaaaatagaaacgctcagatcccggtgctcatgctgcttaatggataacatgttcac 2460 
 2461 gtattttttccatctactgtaagtgaagacacaaatatttaacaaacgagtctaagattt 2520 
 2521 tctttttaaaggtgcaatgtacgggattaagagcattgataaagcagcaaaccccttcag 2580 
 2581 cactgttagcaccattagctgttgccgccagctcgccagtcgacatgttgagaggtgttg 2640 
 2641 aaaggcaatagaattgctcccaatctcatataaagcacctttaaagtgacacgtttcatt 2700 
 2701 ggagtattgtataatgcaagcttgtgattatatatttctatctgttctttcttcgatttc 2760 
 2761 agatttcagaacacacacccacaaatatatgctgcgtctaacctgatctttaaagaaatc 2820 
 2821 cacacttagattggttcctggcagactgaaggataaactcttcttgagtgttgtagtgac 2880 
 2881 gttgaggcgtttcctctctttcctgccgagcctcatgtcattgaaaaatgcgttttcgtc 2940 
 2941 cagaatgtaaacctggtctgggagactgtgaagctctgcagagcgatccgactttaaaac 3000 
 3001 aaagtcctgcagggctttctgacaaagaaaaacacacacacacacctgcttctttacatc 3060 
 3061 ctgtaaaagcaccttcctggcttctacttcaggggaagttggttgtgcttctaccttatt 3120 
 3121 gagagggtctgtgtgcaccagtgtgtgtgagcgcagatgagggatgttcagagctgtgaa 3180 
 3181 ctggctctcccacagagttgtccactctccataagaatccaccacacggagactcaacgg 3240 
 3241 gggaagtggaccctctctgacatcgttgacttgtctggtcgctccttcagtgtcgagcct 3300 
 3301 gcaactaatcacagagagcaaaacacattgaactgggagtccgtttgattgtggtgcgtc 3360 
 3361 acatttatgtcaaaatgaagaagtgggaacagtgacaaaggatcagccatttattgtgtg 3420 
 3421 ccttctttgtgatgcaaccgggttcaataacatttttaattgaatgaatgaagtctgaat 3480 
 3481 atcaagctgatagcaaactcattcctgctgggaaaatcaaccggacaggatcgacaggcc 3540 
 3541 gaagtcaaaagtaagtcaggagagaagctgatgaaaaaatattgtgatttactcaattca 3600 
 3601 aatgatttctcaaaataatgagatagttgtacttgttcataatttgtgtgactagttcag 3660 
 3661 aatttaaattatgactaggtaaatcaaactgatttaactgaattttaagtatgaattatg 3720 
 3721 agaaatgaaaaagaagcgatgacttactagataaagatataacaaaacaattgacttact 3780 
 3781 gactggtaatgcaaaaattccccatttatgtcattatgtggcaacttgtgattttttttt 3840 
 3841 catcatcgattaatctgctaattattttctcaaagagttgatttctgaatagttggggac 3900 
 3901 atttttttgtttttttacagaacacgggtgaaaatatccttcagaatcttcccaaattaa 3960 
 3961 catcttcaaaatatctaattttgttcgaccaacagtctaaaaccccaacataaagagttt 4020 
 4021 agtattgcataagagccaagagattagaacattctcacaatttagaaactggatcgttgc 4080 
 4081 aatgtttgaccaataataagtcaaaactctcaacttatgtaaatatgtagtatatgattt 4140 
 4141 agtgagtgaaacccagctcatggtaccagctgcgactcttctcttcttcctgccaccgca 4200 
 4201 gcttttgttgtttgatgtttctgggtttgtctgaggccccgaagggtccgaggaggaaga 4260 
 4261 ggaggaggaggaggaggagagggctaagtcatgtccgaggtctgagtgtggatcagggtc 4320 
 4321 agggttggatagcaagctggcgagggtcaaggcatgagggccaccccctattattaacac 4380 
 4381 atcgagtatccccatctgaaacacacgcagacacaatacagacagggcagtgctgttgta 4440 
 4441 gttgtgatggttacttgtactttcaaagccagacagttccttaaaatatcacatgtgagt 4500 
 4501 caatctgaggctatggcggtttgacttctcagatgaccgttttttcgagtgttcagttca 4560 
 4561 gcattcatgaaatgaactctatgaattattactaaagattaaaacgacacatttcaaaca 4620 
 4621 acacctcgtagcaaagctgtgtgtgattggttgaaataatgaaagtgcctcaaactttat 4680 
 4681 catccaactgtaaaaccaagtgaaatgcactgcagaggtcaacggtactcgacaccttca 4740 
 4741 gctgctacgataatgaaactgttctgggcccatgcagcacatcgtatacagtttatgatc 4800 
 4801 agtgcctcacaatacctgcttgagtttggatcgtcaccgcgtgccgcctctgagacggtg 4860 
 4861 gaaatgtgcggcactgggcggtggcagacctcaaggttttgcgacagtggcgtgtgcttc 4920 
 4921 ccatgtaactcaatccacctcagagccgacagatttagctggactggaaatagcttcagt 4980 
 4981 gtgtgtttgtttgtgtgtgcgtgtgtgtgtgtgtgtgtgagtgtgagtgtgcctgtttaa 5040 
 5041 atattagcacagctcatcccagtattaaaactactttacttaattaaaaaaaattagaat 5100 
 5101 tagaggaaatattcctacttcttaagctaaataaatgtaaaaggccctttggatcagctg 5160 
 5161 gaaaatgaatcatcaccgagctgaaaaagggccatttctcttcatggttcccacagaacg 5220 
 5221 tgatgcattaatatagattaaactaaccaacagcaaataaaggagttgaaaacatcttca 5280 
 5281 gccgtaaaatgcgacacacacattaatgcaaaagagatatcgtacataatagtaaaacac 5340 
 5341 agacagggaacagttgacctcataatgagtacttgacagtttaactacatgttgctgata 5400 
 5401 atacttacacacttgtactgaagtaaggtttagaatgtaggactttttgttttggggtat 5460 
 5461 tttcagtgtggtattagtacgagtagtaatataaaaattttagacagagaacatttaata 5520 
 5521 aaatcaaagtaaaaaggtaaaacatgaaggctatgtaaacatttgttgtttactatattc 5580 
 5581 accttttaataaaataccagcctgacatcatgtgaagccaaaaagtaacaaaatggctat 5640 
 5641 tttagtttgtgaagagccgttaatgattgcttcctttcaattaggacattgttgaaccac 5700 
 5701 acatcgtatacattgaaatccactacagttactgtcacataggaagtcatgccttcccct 5760 
 5761 agttcctatgtttaatgtgagatcaaccataatttcctcttatttctgtttcctgtaata 5820 
 5821 actttataggtattactaaaaatcaagaagtgaacatccagtaatagaacaaaagaagtg 5880 
 5881 ttttctatttgacatgcagtacagtatagaatgagcgtgagagtcagataacatcacttg 5940 
 5941 gcttctagcttttctcagtgagacctttgctggtgctacagaatgatcacaggtggacca 6000 
 6001 ggtaccgaaacagatgaactctctcctcaacttctgttttatactaaaaagatcaataaa 6060 
 6061 aaataatacattcgagtctccgatttcattgtaccaatcttcattcacttcctcttctga 6120 
 6121 catcagTTCCACATCCATCAGTGTCAGTGGCCTCTCAGTCCTACTTCCCCCTCTGTTCAT 6180 
 6181 GCAAAGCGGAAGCACAGACGCACTGGGGGCTTTTAAATGCCAGCGCGTTCCCTGGGGACG 6240 
 6241 GCTTCAGTCTTTTGCTTTACCAGCAACGGACACCGGCAGCACCATGGATCTGGAGgtggg 6300 
                                                 M D L E       
 6301 tgacagaatctttaccacagcaccgctatatatatatatatatatatatatatatatata 6360 
 6361 tatatatatatatatatatatatatatatatatatatgtatatatatatgggatgctttt 6420 
 6421 taaaagatgtgattgcgtatattgtgttgatgtgtaaagtttgcctatctgtccgtaaac 6480 
 6481 agGATTCTATGGTTAAGGGAGGCGTGCTGATTGTCCACCACGTCCACGAGGGAAAGCACC 6540 
        D S M V K G G V L I V H H V H E G K H Q 
 6541 AGTACAAAGTGGAGAATGTGAAGTACAAAAGGGCGTGCGACAAAGCGTTTGCCAGgtatt 6600 
      Y K V E N V K Y K R A C D K A F A R       
 6601 gatcagattgttgttttgttttggattatgaaacaaaccacacaaaaccccaagaagaag 6660 
 6661 gattctatttgaagagcactttttaagcacagaccacaaagtgcttttgaataaatctag 6720 
 6721 taagaaaaagaaaaatggaaaatatataacacacaggataagaacaacagcataaagggc 6780 
 6781 tttaaagaaatgtgatttgaaaacgagaattattattactttatcaaaaacatgatgcaa 6840 
 6841 gaaaatattaaaaagaaactttggcatacagaaatatgacatcactttttagtctttaga 6900 
 6901 aacaatgacactgaaaatacaaacttattaaatgtgaaataaccaaaacttccaacttca 6960 
 6961 gcggaacaatttatgttaatgttggaccccatcactcaaattaagaggctgattcaggaa 7020 
 7021 ataaaagttgacatgggcttgaataacttcttttctgactctctaagagagtttttaatt 7080 
 7081 gtaatgaatggattgtgatccagatgctctgtcgctctctacagcaacacagatggatgg 7140 
 7141 agtttccctaattaatggcttataacacagtttgttaacattacaattaaaacaccttaa 7200 
 7201 taaagcacatgcctttaatgttttcatttatgttcccagGAGAGGAGACAAACTGATGCA 7260 
                                             R G D K L M Q  
 7261 GATAAACGGCATTGACCTGCAGGATCTCACACCTGAGGAGTTGGCACAGTCCTTAGCGAC 7320 
      I N G I D L Q D L T P E E L A Q S L A T  
 7321 AGATAATCCAATGCTGgtgagttcattggctgacacagtcttgcacactagtttattttt 7380 
      D N P M L                                              
 7381 ctgaatccgttgtcactcattattttagtggaatagtccaccgtgccagactcttgttat 7440 
 7441 acaatataaatattaatattgttggactaaatatacatgtggttgtcataattcacatgc 7500 
 7501 aaaatgacttaatgttaagtcttttcacgatggtaattgtcgctgtttttatggtgttgt 7560 
 7561 gattgggatacacgaagacatgaaattgaatgtgaatgttgctgacgtgacactatctat 7620 
 7621 gtgaacaactttacttgttattcaccagaggacgaacacacacattgtcactttgacagt 7680 
 7681 aactgtgtttttaggtgttttaaggtggagaacagacagaaataaacacggactaaatac 7740 
 7741 tcagacaccgtccacttcctctctccccctccctccggtcttctagACGGTGCACAAGGC 7800 
                                                    T V H K A  
 7801 CAGCAGGACGAAAGAGCACACTGAGCAGGTCTTCCCAGCTGAGGACACTTTACATCCCTT 7860 
      S R T K E H T E Q V F P A E D T L H P F  
 7861 CTCCAAGGAATCCACAGTACTCAGTTTCAGCATGGAGATGAGGAGGGAGGAAGACCTGCA 7920 
      S K E S T V L S F S M E M R R E E D L Q  
 7921 GCAGAATGAAGTGGGGCGGGAGGCGGAGAGAGAGGGGGGAGGGGCTAAAGAGGAGGAGGT 7980 
      Q N E V G R E A E R E G G G A K E E E V  
 7981 TTGCCAACCTGAAAACAAGGAGAATGGGGAGAGGGGGGATCTGCTCATCATATCCATGAC 8040 
      C Q P E N K E N G E R G D L L I I S M T  
 8041 GAAGACCAGCATCTCCGTGGTGAGCGGGAGGGGCTGCGACAACCGGAGCCCCTGTCAGGA 8100 
      K T S I S V V S G R G C D N R S P C Q E  
 8101 GGGATGTAAGGGCACAGGATGTACCTTTAATGAAGTTGTCATGGTGTCAGAATCCAGCGA 8160 
      G C K G T G C T F N E V V M V S E S S E  
 8161 GGTGATGCTCGgtgagtaagttgtgttttagtctacgatcttctcttctatccgtctaat 8220 
      V M L V                                                  
 8221 ttgttctacattttattgtacattcatacagatagcctcactgacatcaggatctctatt 8280 
 8281 tcaacagaggaaagaaaatacagtaatacagtccagagataatttccaaagatttgcatt 8340 
 8341 tggaattcagaaaaactggaggattaagttctccattattgttttttgtaagctaaataa 8400 
 8401 accatttcatgaaaagttgacttcttgggcatacatacatgtcaaggaaacagtcaaaag 8460 
 8461 ttcagagagcagagacatgtgcagtgcaacgcccttctattggtaaaacgtattcataca 8520 
 8521 cagataaaataggtagtgagagatgaatcaccctcaatcttgttgttcgtaccaaagggt 8580 
 8581 tacgaactaggagctccatgccctttgtttgattgttccctgtgtccctgtgtccagTTC 8640 
                                                               P 
 8641 CAAGAGGAGGTGGATGTTTACGTCTGCTAAAGTCATTGAACACTGCAATCGAACATTTGC 8700 
      R G G G C L R L L K S L N T A I E H L P 
 8701 CGTCTCATCTATACCTCAGAGGTCTCTGCTCACAGAAGGCTATATATGCTTCACCGAACC 8760 
      S H L Y L R G L C S Q K A I Y A S P N P 
 8761 CAGgtttgttattcagagcagcagattcatttacggtcatcacaaatgttgttttggatt 8820 
      E                                                          
 8821 tctgttttcaattgattagtgaaatcacttgtttgttttcatttctttcgtgtccagAGG 8880 
                                                              E 
 8881 AGATGACCATTTACTACTACAAGTCAACCAGTTTCACCTTCAGAGGACAGCCCGTGGTCC 8940 
      M T I Y Y Y K S T S F T F R G Q P V V L 
 8941 TGAACTTTAGCAAGTCCAACTGCTTCCTCCGGTGCTGCAAGGAAGGGGACAGGGTGTTCC 9000 
      N F S K S N C F L R C C K E G D R V F L 
 9001 TACAAGTGGAGgtaataactgctactgcgtgagttcatgtacacatagttagatttaaca 9060 
      Q V E                                                   
 9061 tgcatcgacctgacttttgctctaaagtgaccaacaggttgacactttttggctttcctg 9120 
 9121 aaatttaaaaccaaactgttacatggactaccatttggcagctgaaaaggctcatgaata 9180 
 9181 cttggacacagacaacatcacttgaatgactcaatctcgtcgactaactgaagtgaaaat 9240 
 9241 aatctttgtttggctgagcggcaatactcacaaacatgggcacatgctacggctagcatc 9300 
 9301 catttagcgggtcaaagatcagcagcacttgtttggatgcagtttctctcatgagtatct 9360 
 9361 gttgaaagagcggcacaagataaagagggaagtagttactgtcagaaacaaaggaagagt 9420 
 9421 ccttttctcttatgtttgcattctttaaggtcacagaatgtcgtgaaaacggtcctcgtc 9480 
 9481 ccatttaatgtactgcacaacagcatgtgtctctctatcaggcgatatccatggtttatt 9540 
 9541 actatttaggttcggacaagtgcatttggtgaagaattaggatctacatatcatttaaaa 9600 
 9601 cccaaagtgtaggattgggaacttgatctgggatttcagctacttgtcagaaatgactcg 9660 
 9661 ctccaacctctgaaaaatatataatgtcattaagtgttaagtggcaagtctccagtcatg 9720 
 9721 ctctgtgtggctgtacgtaagcacagcgctggttttagctaattgctcacataatgcttg 9780 
 9781 cttgttaatgtttgcaggtataatgtttactcaccatcttgctgatgatacttacagtgc 9840 
 9841 atacttttactgaagtaaggttttgaatgtaggacattgctaatatttgttaataagcac 9900 
 9901 taaacacaaagttatgcggaggctgatgggaatgtcatgagttattatgcaggtattcgg 9960 
 9961 tcaccgcctttctgccaggatgttaaagagccacctgtcctcttcatgacggatgtccac 10020 
10021 atctttgttgttgctgcagACTTGCGAGAAGCAGAGGTTGAAGAAGATCTCCAAGAACGA 10080 
                         T C E K Q R L K K I S K N D  
10081 CGAGGGCGCCCTCTCCTTCGTCTTCTACATGAAGGCCGGGGGGACCAAACATCGGACGTT 10140 
      E G A L S F V F Y M K A G G T K H R T F  
10141 TGAGTCAGCGCTGCACGGCGGCTGGTTCATCCAAATAGACACCACCGATTTAGTGGCCAT 10200 
      E S A L H G G W F I Q I D T T D L V A M  
10201 GGCAACCCTGGATGGAGGGACGGGGAACGAATCGTTCCTCTTCGTCATTCAGACTTAAAA 10258 
      A T L D G G T G N E S F L F V I Q T*    
10261 GTTTACCATTCAAATTCACGTGCCGGAAAGACAAACATGAGAGGAGTTCTTTAGTTTGAC 10320 
10321 CCACCTGGGCCTGTGACAGAAAAAACACGTCACTGTGTCAAATTCTGTTATTGCAGAAGT 10380 
10381 GTGTAGATATGTATCATACAACTAGATCTAATTAAAAAATGTTTTGTGTGCGTGTAAGCA 10440 
10441 TGTAATCTATTTTGTTGTTTATGGTGACCTTTCAAACTGATTGTTG               10486 
Supplemental Figure 8
   1 CGCGCACAAAAAAGCAAGAAAAAGAAGAAGGAAATGAAACGGGAATAGCGCTCTTCTGTT 60 
  61 GGACTTCTTTCACTTTCACTTCCGCGTTGTGCCGGATTAGGAAACGCGCGTGCGTGTGCG 120 
 121 CGCCCGTCCTTTTCAAACCTCTGCGCGTAGTTTCCCACCAGAGCAAATCACGACTGGAGT 180 
 181 CCAGAACCCGTCTGTCAGAGAACCAGgtgacacacacggtgctgctgttgttgttgttgt 240 
 241 tgttgttgtttagaagtacttcatagacttagagaagcggggccgagggaacaatgacat 300 
 301 cttgtttcgtgtgtttccccgtttgaagGCGAGCTGAAGACCGACAGTGAACCCGCACCT 360 
 361 TCACAGgtacgtgaacgcaacacctccacaggtacgtgaacgcaacacctccacaggtac 420 
 421 gtgaacgccgcacctaacgaaccagtttgacttgacgtcgaggttcacggggacttgttg 480 
 481 tttattgttgtttataatatatatatatatacacatatgcacacacacacataaatacag 540 
 541 tgtgtgtatatatatatatatatatgtatatatgtatatatatatgtgtgtatatatatg 600 
 601 tatatatatatatgtgtatatatatatgtatatatatatatatatatgtatatatacata 660 
 661 catatatatatatgtatgtatatatatgtatgtatatatacatacatatatatatgtgta 720 
 721 tatatatatatacatatatatatatacatatatatatgtatgtatatatacatatatata 780 
 781 tgtatgtatatatatacatatatttatatatatacatacatatatatatgtgtgtatata 840 
 841 tatatacatacacacatatatatatgtgtatatatatgtatgtatatatatacatatatg 900 
 901 tatatatatatacatacatatatatatgtgtgtatatatatatatatatacatacataca 960 
 961 tacatacatacatacatacatacatacatacatgtggaagagactggtgatcattccttt 1020 
1021 gagaaacatccgttgttctcctaactttgtaaaacaaaagtcccacataaatacacagcg 1080 
1081 actgaatcctttataatagctgctggtttcccaccagTACTCCCTGATGGCGACCAGTAG 1140 
                                                   M  A  T  S  S  
1141 CTGCTCCCCGGTCACATGTGTTGGTACACTTACGGATGCCTTCTACTTTAAAGgtaaccg 1200 
      C  S  P  V  T  C  V  G  T  L  T  D  A  F  Y  F  K  V        
1201 tggttttaatgacgatcacacgccatgaaacatgttaacgctgttgatgttcagaccctg 1260 
1261 acgtgttctcttgtgtcttcttctctgtaaagTGGGGGCAGCAGGAACAGgtgaggctct 1320 
                                       G  A  A  G  T  D           
1321 tcctgcatgttcccagttgttctccgtggttgtgcgacgctgtgacaacgtgttgtttgt 1380 
1381 tgtttgttgtttgtttctcccgatgtacagATGTGGTCGACGACAGTTTCAACATTTCCA 1440 
                                     V  V  D  D  S  F  N  I  S  K 
1441 AACACTCCCTCCCATCTTGTTGGGTCCAAAGCAAAGACAACAAATTCCTGCTTTTAAACA 1500 
       H  S  L  P  S  C  W  V  Q  S  K  D  N  K  F  L  L  L  N  S 
1501 GCGAGCATCAATTTCAAGTCCAGAACTTAACCAGCCAACAGCTGAACCAGCCGGgtaaga 1560 
       E  H  Q  F  Q  V  Q  N  L  T  S  Q  Q  L  N  Q  P  E       
1561 catatatatatatatatatatatatatatatgtatatatatatatatatatatgtgtata 1620 
1621 tatacatatatatgtgtatatatatatatatacacatatatatatatatatatatgtata 1680 
1681 tatatacatatatatatatacacacatatatatatatatatatgtatatatatgtgtatg 1740 
1741 tatgtatgtatgtgtgtgtatatatatatgtatgtatatatatatatacatacatacaca 1800 
1801 tatatatatatatgtgtatgtgtgtatgtatgtatgtgtgtatgtatgtgtatgtatgta 1860 
1861 tatatatatatatatatatatatacatacacatatatatatatatatgtgtatgtgtgta 1920 
1921 tgtatgtatgtgtgtatgtatgtatatatatatatatatatatatacatacatacacata 1980 
1981 tatatatatgtgtatgtgtgtatgtatgtatgtatgtatgtgtgtgtatatatatatgta 2040 
2041 tgtatgtatgtatatatatatatatatacatacatacacatatatatatatgtgtatgta 2100 
2101 tgtatgtatatatatatatatatatatatatatattcctcgtgctcatcctgtttctttc 2160 
2161 cagAGTGCAAGTTTAAAATCCAGATTTACTTTGACTTTGAGCGCGGAGGAGAAGAGAAGA 2220 
          C  K  F  K  I  Q  I  Y  F  D  F  E  R  G  G  E  E  K  R 
2221 GGAACGCCGCCATGCTGTACGTGAAGAGCGAGGGCAAGAACGTGGTGGCGTGCTGCAGCC 2280 
       A  M  L  Y  V  K  S  E  G  K  N  V  V  A  C  C  S  Q  
2281 AGGAGCACGCCGTCCACGCCGAGGACATGgtgagcaccgggtacaatacacaacaatact 2340
       A  V  H  A  E  D  M  
2341 ggaggactgtgtatgagacgtggacgtcgtcatggtgacggcacacgttggtttcttttg 2400 
2401 gactgacgtttgtcgaagcctgttgttcggccatacgtggtgtcgacctgtcaatcacct 2460 
2461 tgtagccccgccctaaagcatcccctgctttatggtctgtttgactctaaatgaccataa 2520 
2521 tttactaaatgaacatcacgctgtattgaagaagacttgaaactagagattgagaccaaa 2580 
E H
R A
2581 aactaatgtttacaatgtttactgagggaataaatcaagggtaaaattacatttataata 2640 
2641 gttttttattttgaatcctggttctcgtgtgtgtcccccccccctcacccccctcaccca 2700 
2701 tgcagGAGGTTCTGCCGATCCACATCGAGGAGACCCACCACAAGGCGCTGTTCTACATGA 2760
          L  P  I  H  I  E  E  T  H  H  K  A  L  F  Y  M  T  
2761 CGGAGCTCACGCCCTCTCACACCTACGAGTTCGAGTCCTCCGCCTACCCGTCCCGGTTCC 2820  
       T  P  S  H  T  Y  E  F  E  S  S  A  Y  P  S  R  F  L
2821 TGGGCTTCGAGCCCGACGGCTGCGACCCGTCGCTCGTCAAGCTGGTGCTGCACGAAAAAG 2880
       E  P  D  G  C  D  P  S  L  V  K  L  V  L  H  E  K  A  
2881 CCAAAGACGAGGTGGACGAGTCGTGCCACGTCATTCTATGTCGTTAACGACTTTATGAAA 2940 
       E  V  D  E  S  C  H  V  I  L  C  R  *                 
2941 TGAATAAATCTCGTCGACGACGAAGCGGTTTACGGGCGACCTGCAGCCGTCACTTCAAAG 3000 
3001 TGTTCAATATTAAATAAATAAGACGTTATTAAAGAATATGAATGAGTTGAGTAAAATACC 3060 
3061 TAAATTAGCTACTTATTCATTTATGTAATATTGAACACTGGTGAGATACGTTTGTGTTTT 3120 
3121 TACGGTAACGTACCGTAATTTAACAAAGTACATTTGTTTCCTCCTCTGGCTTTTTTTTTT 3180 
3181 TAAACATTTAGTTTTTTAATGAAACTAATGTGCTTTCTTTGTCGATTTTAAATTGAGTGG 3240 
3241 TTTTTTTATAATAGTTTTTTCACTTTTAAATGTGCAGATATTTTTGGATTCACCCGTTTT 3300 
3301 ATTGATTGTTTTTCTTCTTTTTCTTTTTTCGACAATTGAGACGAAAAGCAAATTTCAGAC 3360 
3361 TATGTTCAGGAAATATGTTCTCGCCCCCAAAGAAGAATTAAATGATAAAAACGTACGTTT 3420 
3421 AGAACACTTTTTATATTTTGAATTAGTTTCCCAGTCTAGGAAAGCTCGATAATTACTGAA 3480 
3481 CTCTAAATCTTGAGTTTGTCTCTGTGGTGAAAGTTAAGGTTTAAACTGCACTAAACCTTA 3540 
3541 AAGTAATCTATTTATATTGTGCAGTGGTTAATTTCATCTTTTTCCAAGGTGCTTTATTGT 3600 
3601 GAAACAGGAAGTTGTTCCCATAAATCTTTCTTTTACCAACAAAATGTTGATTTCTTCTTC 3660 
3661 TTTGTCTCTTTCTGGTTGAACAGATTTTGCTCCTCCGTGTTTTAAACTAAATAACTAGTT 3720 
3721 AAGAGGACTTTCCTACAAAATAAAAGCATTAAAAGACAATAATAGAGGATCAGAAAAGCT 3780 
3781 TGATTCGTTAGTTTGGTGACCCCAAACTTTAGAACAGTGTGAAACCTTTTGTTCTCTATT 3840 
3841 GTTGTAAACATTGTTCATTAAAACATTTTAATGTGAAAAAATAAAATAAATCTTTTTCTC 3900 
3901 CAAGTGAATAAAAACAGTAATTTTAGTTCCCAGAACACGGCGCTCGATTGATAAAATAGT 3960 
3961 TTTAGTGGTGGTTTGTGTGTAGAAAACGACTTCAGTGTCTTTAGAACTGTCATTTTAAAT 4020 
4021 ATATTGTACATTGTTTAATAATGAAATGTTAAAAAAATAAAATAAACAATCTGCAAAGCA 4080 
4081 ACTTTATTTGCGCCGAGACTGGAACAGAGCAAATATTTTATTGCCACATCTCATTTTTTT 4140 
4141 TTCTTTGTTTTTTAATCTGAAAAGATGTTAATGCAACAGAAATGTACAAAGTGATGATGT 4200 
4201 TTGAAGACGGAAACAGACAAACTTTTTTTAATTTTTTTTTTTTTAAAG             4248 
E V




   1 GTGTGTGTGTGTGGGTGTGCGTGTGTGTGTGTGTGTgtgtgtgtgtgagcgtgtgagcat 60 
 61 gtgtgtgtgtgtgtgtgagcgtgtgtgtgtgtgtgtgagcgtgtgtgtgtgtgtgtgtgt 120 
121 gtgtgtgtgagggtgtgtgtgtgtgtgagcgtgtgtgtgtgtgtgtgagcgtgtgtgagc 180 
181 gtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgagcgtgtgtgtgtgt 240 
241 gtgtgtgagcgtgtgagtgtgtgtgtgtgtgtgtgtgtgagcgtgtgtgtgtgtgtgtgt 300 
301 gtgtgtgtgtgtgtgtgagcgtgtgtgtgtgtgtgagcgtgtgtgtgtgtgtgtgagcgt 360 
361 gtgtgtgtgtgtgagcgtgtgtgtgtgtgagcgtgtgtgtgtgtgtgtgtgtgtgtgtgt 420 
421 gtgagcgtgtgtgtgtgtgtgtgtgagcgtgtgagCGGGTGTGCGTGCGTGTGTGTGAGC 480 
481 GTGTGTGTGTTTGTAGCCACAACCTACTACCAGGAAGCAGAGAAGCAAAGAAAAGAGTCG 540 
541 CTCAGTGAACTTCTCTCAACACACGATGAGCGACTTTGATCTGTCTCAAGCGTTAAAGAG 600 
601 gtgagttgttcatataactataattatatacttatttatacaattatataattatataac 660 
661 tatatcattaaataattatatttaaaacaggagacacattttaatgacgtgaaactgaat 720 
721 acttagaaagatactttgtagctgaacgtctcactttatactacatctcagaggtacttt 780 
781 atagaggtactttataccacatctaagaggtactttatactacatctaagaggtacttta 840 
841 tactacatctcagaggtactttatactacatctaagaggtactttataccacatctcaga 900 
901 ggtactttatactacatctaagaggtacttcataccacatctcagaggtactttatacta 960 
961 catctaagaggtactttataccacatctaagaggtactttatactacatctaagaggtac 1020 
1021 tttataccacatctcagaggtactttataccacatctaagaggtactttatagaggtact 1080 
1081 ttataccacatctaagaggtactttatactacatctcagaggtactttataccacatctc 1140 
1141 agaggtactttataccacatctcagaggtactttataccacatctaagaggtactttata 1200 
1201 ccacatctaagaggtactttataccacatctaacaggtactttataccacatctaagagg 1260 
1261 tactttataccacatctcagaggtactttataccacatctaagaggtactttataccaca 1320 
1321 tctcagaggtactttatactacatctaagaggtactttataccacatctaagaggtactt 1380 
1381 tatagaggtactttataccacatctaagaggtactttatactacatctcagaggtacttt 1440 
1441 ataccacatctaagaggtactttatataggtactttataccacatctaagaggtacttta 1500 
1501 taccacatctaagaggtactttatactacatctcagaggtactttataccacatctaaga 1560 
1561 ggtactttatagaggtactttataccacatctaagaggtactttataccacatctaagag 1620 
1621 gtactttatacctacatctcagaggtactttataccacatctaagaggtactttatacca 1680 
1681 catccaagaggtactttataccacatctcagaggtactttatactacatctcagaggtac 1740 
1741 tttataccacatctcagaggtactttataccacatctaagaggtactttataccacatct 1800 
1801 cagaggtactttataccacatctcagaggtactttataccacatctaagaggtactttat 1860 
1861 agaggtactttataccacatctaagaggtactttatactacatctcagaggtactttata 1920 
1921 ccacatctaagaggtactttatagaggtactttataccacatctaagaggtactttatac 1980 
1981 tacatctaacaggtactttataccacatctaagaggtactttatactacatctaacaggt 2040 
2041 actttataccacatctaagaggtactttataccacatctaagaggtactttataccacat 2100 
2101 ctcagaggtactttatacgacatctcagaggtactttatactacatctcagaggtacttt 2160 
2161 atactacatctcagaggtactttatactacatctcagaggtactttataccacatctaag 2220 
2221 aggtactttatagaggtactttataccacatctaagaggtactttgtactacatctcaga 2280 
2281 ggtactttataccacatctaagaggtactttatagaggtactttataccacatctaagag 2340 
2341 gtactttataccacatctaagaggtactttatactacatctcagaggtactttataccac 2400 
2401 atctaagaggtactttataccacatctaagaggtactttataccacatctcagaggtact 2460 
2461 ttatactacatctcagaggtactttataccacatctcagaggtactttataccacatcta 2520 
2521 agaggtactttataccacatctcagaggtactttataccacatctcagaggtactttata 2580 
2581 ccacatctaagaggtactttatagaggtactttataccacatctaagaggtactttatac 2640 
2641 tacatctcagaggtactttataccacatctaagaggtactttatagaggtactttatacc 2700 
2701 acatctaagaggtactttataccacatctaagaggtactttatactacatctcagaggta 2760 
2761 ctttataaccacatctaagaggtactttatagaggtactttatactacatctcagaggta 2820 
2821 ctttataccacatataagaggtactttatagaggtactttataccacatctaagaggtac 2880 
2881 tttatactacatctaacaggtactttatacgacatctcagaggtactttatactacatct 2940 
2941 cagaggtactttataccacatctcagaggtactttatactacatctcagaggtactttat 3000 
3001 actacatctcagaggtactttataccacatctaagaggtactttataccacatctaagag 3060 
3061 gtactttatactacatctcagaggtactttataccacatctaagaggtactttatagagg 3120 
3121 tactttataccacatctaagaggtactttatactacatctcagaggtactttataccaca 3180 
3181 tctaagaggtactttatactacatctaacaggtactttataccacatctaagaggtactt 3240 
3241 tataccacatctaagaggtactttataccacatctcagaggtactttatactacatctca 3300 
3301 gaggtactttatactacatctcagaggtactttataccacatctcagaggtactttatac 3360 
3361 cacatctaagaggtactttataccacatctaagaggtactttataccacatctcagaggt 3420 
3421 actttatacgacatctcagaggtactttataccacatctcagaggtactttatactacat 3480 
3481 ctcagaggtactttatactacatctcagaggtactttataccacatctaagaggtacttt 3540 
3541 atagaggtactttataccacatctaagaggtactttatactacatctcagaggtacttta 3600 
3601 taccacatctaagaggtactttatactacatctaacaggtactttataccacatctaaga 3660 
3661 ggtactttataccacatctaagaggtactttataccacatctcagaggtactttatacta 3720 
3721 catctcagaggtactttatactacatctcagaggtactttataccacatctcagaggtac 3780 
3781 tttataccacatctaagaggtactttataccacatctaagaggtactttataccacatct 3840 
3841 cagaggtactttataccacatctaagaggtactttatactacatctcagaggtactttat 3900 
3901 accacatctcagaggtactttataccacatctcagaggtactttataccacatctaagag 3960 
3961 gtactttataccacatctaagaggtactttataccacatctaacaggtactttataccac 4020 
4021 atctaagaggtactttataccacatctcagaggtactttataccacatctaagaggtact 4080 
4081 ttataccacatctcagaggtactttatactacatctaagaggtactttataccacatcta 4140 
4141 agaggtactttatagaggtactttataccacatctaagaggtactttatactacatctca 4200 
4201 gaggtactttatactacatctaacaggtactttataccacatctaagaggtactttatat 4260 
4261 aggtactttataccacatctaagaggtactttataccacatctaagaggtactttatact 4320 
4321 acatctcagaggtactttataccacatctaagaggtactttatagaggtactttatacca 4380 
4381 catctaagaggtactttataccacatctaagaggtactttataccacatctcaagaggta 4440 
4441 ctttataccacatctaagaggtactttataccacatctaagaggtactttataccacatc 4500 
4501 tcagaggtactttatactacatctcagaggtactttataccacatctcagaggtacttta 4560 
4561 taccacatctaagaggtactttatagaggtactttataccacatctaagaggtactttat 4620 
4621 accacatctaagaggtactttataccacatctcagaggtactttataccacatctaagag 4680 
4681 gtactttatagaggtactttataccacatctaagaggtactttataccacatctaagagg 4740 
4741 tactttatactacatctcagaggtactttataccacatctaagaggtactttatagaggt 4800 
4801 actttatactacatctcagaggtactttataccacatctaagaggtactttatagaggta 4860 
4861 ctttataccacatctaagaggtactttatactacatctaacaggtactttatacgacatc 4920 
4921 tcagaggtactttatactacatctcagaggtactttataccacatctcagaggtacttta 4980 
4981 tactacatctcagaggtactttatactacatctcagaggtactttataccacatctaaga 5040 
5041 ggtactttataccacatctaagaggtactttatactacatctcagaggtactttatacca 5100 
5101 catctaagaggtactttatagaggtactttataccacatctaagaggtactttatactac 5160 
5161 atctcagaggtactttataccacatctaagaggtactttatactacatctaacaggtact 5220 
5221 ttataccacatctaagaggtactttataccacatctaagaggtactttataccacatctc 5280 
5281 agaggtactttatactacatctcagaggtactttatactacatctcagaggtactttata 5340 
5341 ccacatctcagaggtactttataccacatctaagaggtactttataccacatctaagagg 5400 
5401 tactttataccacatctcagaggtactttatacgacatctcagaggtactttataccaca 5460 
5461 tctcagaggtactttatactacatctcagaggtactttataccacatctcagaggtacat 5520 
5521 atagtactttaaacagtactacatatcagaggtacatgtagtactttattcagtactcca 5580 
5581 tatcagaggtacatatagtactttatacagtactacatctcagaggtacatatagtactt 5640 
5641 tatacagtactacatctcagaggtactttatactacatctcagaggtacatgtagtactt 5700 
5701 tatacagtactacattcatgtatttgttttaaatccatatgttgtgtatttcagATGAGA 5760 
5761 CACGATGCTTCAACATGACGgtgagaatctgaaagatataattcacttaattcacttcct 5820 
        M L Q H D E                                         
5821 ctccagtattttcactctcatattcaacagtttcacactcatgtactctttcagatgtgt 5880 
5881 gtgagaagagaatgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgagaagagaatgt 5940 
5941 gtgtgtgtgtgtgtgagaagagaatgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtg 6000 
6001 agaagagaatgtgtgtgtgtgtgtgtgtgtgtgtgagaagagaatgtgtgtgtgtgtgtg 6060 
6061 tgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgagaagagaatgtgtgtgtgtgtgtgaga 6120 
6121 agagaatgtgtgtgtgtgtgtgtgtgagaagagaatgtgtgtgtgtgtgtgtgtgtgtgt 6180 
6181 gtgtgtgagaagagaatgtgtccgtcccttcatctctccgtccctccatccctccatctc 6240 
6241 atcatctctccatctcatcatctctccgttttccatctctccatcccttcatctctccgt 6300 
6301 ctctccatccctccatctcatcatctctccgtctctccatctcatcatctctccatctca 6360 
6361 tcatctctccgtctctccatctcttcatctctccgtctctccatctctccgtctctccat 6420 
6421 ctcatcatctctccgtctctccatctcatcatctctccgtctctccatctctccatccct 6480 
6481 tcatcgctccgtctctccatctctccgtcccttcatctctctgtccctccatccctccat 6540 
6541 ctcatcatctctccgtccctccatccctccatctcatcatctctccatctcaccatctct 6600 
6601 ccgtccctccatccctccatctcatcatctctccatctcatcatctctccgtctctccat 6660 
6661 ctcatcatctctccatctcatcatctctccgtctctccatctcatcatctctccatctct 6720 
6721 ccatcccttcatctctccgtctctccatctctccgtcccttcatctctctgtccctccat 6780 
6781 ccctccatctcatcatctctccgtccctccatccctccatctcatcatctctccatctca 6840 
6841 tcatctctccgtttttccatctctccatcccttcatctctccgtctctccatccctccat 6900 
6901 ctcatcatctctccgtctctccatctcatcatctctccatctcatcatctctccgtctct 6960 
6961 ccatctcatcatctctccgtctctccatctctccatcccttcatctctccgtctctccat 7020 
7021 ctctccatcccttcatctctctgtccctccatccctccatctcatcatctctccgtccct 7080 
7081 ccatccctccatctcatcatctctccatcccttcatctctccgtctctccatctctccgt 7140 
7141 cccttcatctctccgtccctccatccctccacagAAACCGTCGTCACGGCGACACAGAAC 7200 
                                      T V V T A T Q N  
7201 TGGTCCACGAGCGTGGGGAGGACGTTTCAGCGTTTCAACAGCGAAGAAGTCGTCACTCTG 7260 
    W S T S V G R T F Q R F N S E E V V T L  
7261 TGCGACTTCTCCCAGAAGGACGTGGTCCTGGCTGCAGGAGACCTGAAGCTGAAGGCCGTC 7320 
    C D F S Q K D V V L A A G D L K L K A V  
7321 ATCCTGAAGGGAGGAAGCTGTGAGCGCAGAGgtaccgcggaccgggcgagaagtacttca 7380 
    I L K G G S C E R R  V                               
7381 ccgagtactttcagggtgtacctgtacttgtacttgtagatttgatactttgtacccggt 7440 
7441 agtatacaaagtatctcaaattggctctaaatgtatgacctttaacatcaaaatactctc 7500 
7501 atgtgaatctattagtcataacaacgtaaacatataatattctataataataaaacacag 7560 
7561 tattacattaattgaagtacatttcactaatattactacttttactttactgtacatttt 7620 
7621 gaatgcaggactggttgtgagaaacaataatgaaataatgaacttcccctctcttcttct 7680 
7681 ccccgtcagTGACCTTCCAACTGGCGAGGTACCTGAACTCCGGCGTCTCCCGTGGCGACG 7740 
            T F Q L A R Y L N S G V S R G D G 
7741 GCCTGGTGGTGGTGCTGTCCGTCACCGGCAGCCGGCACATCTCCTGCTGCATGCAGGGGG 7800 
    L V V V L S V T G S R H I S C C M Q G G 
7801 GGCGGGCGCTGCTGGAGCTGGAGgtgaagctgctggaggctcctgatggggttatagtgc 7860 
    R A L L E L E                                       
7861 attaaaatacaacgctgggactttaatagcatacatttatttatttttatctcgtaattg 7920 
7921 taacttttatctcttgattattatcgttaaacgaataattctgactttaatctcacaatt 7980 
7981 ctttttttttacctaataattctgaagttttatcgaataattctaattctaatctaataa 8040 
8041 ttataatgttcttctcatcattttgacctctgatataatactttatacttttccttgtaa 8100 
8101 agtgtactttttagagtcagatttaactactaattttgaccttttatctaatatttccat 8160 
8161 cttttatctcataatgttgacctttaatctaataatttagactttttatctcttaattca 8220 
8221 tacttttatctcttaattattatcgtttaatgaataattcagactttaatctcataattc 8280 
8281 ttttttttacctaataattctgacgttttatcgaataattctaatctaataattataatg 8340 
8341 ttcttctcatcattttgacctctaatataatactttatacttttccttgtaaagttttta 8400 
8401 gaatctgatttaactcctaattttgaccttttatctaatatttccatcttttatctcata 8460 
8461 atgttgacctttaatctaataatgtagacttcttatctcataattcatacttatccttat 8520 
8521 acattttacttgttatcatgaatctgaaacaactaatgtgtaatagttgactttaaatca 8580 
8581 tgattaacttttaatatattattatttcgccccccctcctttttgttttttactgttaaa 8640 
8641 actctactttcattgtcgtggcagGAATGCAGCAAACAAAAGCTGCAGAACATCAGCGAC 8700 
                            E C S K Q K L Q N I S D  
8701 CACGAGGACATGGACCGCTTCCTGTTCTTCAAGAGGACCGTGGGCTTCTCCCTGAACACC 8760 
    H E D M D R F L F F K R T V G F S L N T  
8761 TTCGAGTCCCTGAAGCACCCCGGATGGTTCATCAGCACCTCGGACCAGGACCAGGACGAG 8820 
    F E S L K H P G W F I S T S D Q D Q D E  
8821 TCCATGGAGATGTGCAGGGTGGACGACGCACGCCGCCTCATCTCCTTCAAGATGATCTAA 8880 
    S M E M C R V D D A R R L I S F K M I *  
8881 AAACACACTTTAGTGCAGCTTGAAGGTTTCCATTATGATGCTGAGCTGTTCCCTGCCTCG 8940 
8941 CCACCAGATGGCGCCGTTGTCTGTTAATGATGGAGCAAGAATCCATTAAAAATGTGTTGT 9000 
9001 TGTTTTTTTTTACTCACTGATGTTTTCTCCTTTGAAAGAGAAAGTTGTAACAGGATATTC 9060 
9061 CTCAAAAAGTTTTTCGTTTATTATTCTGAATAAAGTTGTATTTTTAGAACCAGGCTTGAA 9120 
9121 AGTGTACTATACGTATAATTAACACAAATTTTATTGTGTTTTATTGTTATTTATTTTAGG 9180 
9181 TGTGTTTATGTAAGTATTTTGTGTTTCCACGAAGAATAAGAATGGCATGTTAATCCTTGT 9240 
9241 TTTTACAAATTATAGTTGTAACAAATTCTCACACCGATGCAAATTATGTTATAACTATTA 9300 
9301 AAATGACTCTCTAAAAAAA                                          9319 
Supplemental Figure 9
Supplemental Table 1. Ct-values of RPS20 in selected tissues and leukocytes.   
Sample Individual Replicate CT value 
HKL (non-stimulated) 1 1 24.75 
 1 2 24.70 
 1 3 24.70 
 2 1 25.15 
 2 2 25.06 
 2 3 25.06 
 3 1 23.19 
 3 2 23.16 
HKL (stimulated with CpG) 1 1 23.94 
 1 2 23.84 
 1 3 23.86 
 2 1 24.88 
 2 2 24.89 
 2 3 24.87 
 3 1 23.30 
 3 2 23.33 
 3 3 23.33 
Skin mucus 1 1 26.71 
 1 2 26.86 
 1 3 26.75 
 2 1 26.50 
 2 2 26.54 
 2 3 26.32 
 3 1 26.50 
 3 2 26.64 
 3 3 26.40 
Head kidney 1 1 25.19 
 1 2 25.40 
 1 3 25.36 
 2 1 25.50 
 2 2 25.73 
 2 3 25.75 
 3 1 26.16 
 3 2 26.19 
 3 3 26.12 
Brain 1 1 26.83 
 1 2 27.01 
 1 3 26.98 
 2 1 26.95 
 2 2 27.09 
 2 3 26.99 
 3 1 26.42 
 3 2 26.44 
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